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 This thesis focuses on the structural properties of sand-lightweight aggregate 
concrete in terms of shear transfer strength at cold-joint interfaces.  This type of interface 
is common for precast concrete connections which are typically designed using the shear-
friction concept.  This testing program was meant to expand the shear-friction database 
and evaluate the appropriateness of current shear-friction design provisions with respect 
to sand-lightweight concrete.  This study builds on the work done by Shaw (2013) who 
studied lightweight expanded shale aggregate concrete.  The current study included 
thirty-two push-off specimens constructed from sand-lightweight concrete with a target 
compressive strength of 5,000 psi.  Either expanded clay or expanded slate was used as 
the course aggregate component, with the fine aggregate consisting of natural river sand.  
All specimens were cast with a construction joint (cold-joint), and the interface was either 
troweled smooth or roughened to a 0.25 in. amplitude.  The reinforcement ratio was also 
varied by modifying the number of No. 3 double-legged stirrups crossing the shear plane.   
 The results of this thesis work have shown that shear transfer strength is higher 
for roughened versus smooth interface specimens, but the residual shear strength vur for 
roughened and smooth specimens was similar.  The average ultimate shear stress vu,avg 
was generally higher for the slate aggregate specimens versus the clay aggregate 
specimens.  The shear transfer strength vu and residual shear strength vur increased with 
increasing reinforcement ratio.  However, for the roughened specimens, the shear transfer 
strength vu leveled off at higher reinforcement ratios.  All shear transfer strengths vu for 
both the roughened and smooth specimens in this study were higher than those predicted 
by the current ACI, PCI, and AASHTO codes/provisions.  The µe approach from the 7
th 
Edition of the PCI Design Handbook conservatively predicts the shear strengths of 
smooth specimens, even though this approach is not applicable for a smooth interface.  
The use of a cohesion factor c in the AASHTO shear-friction design equation was 
conservative for all smooth interface specimens, even though AASHTO contains a 
provision which sets c = 0.0 for vertical interface shear cracks.  This project was funded 
by the Precast/Prestressed Concrete Institute (PCI) and the American Concrete Institute 
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Symbol Description         
Ac area of concrete shear interface, in
2 
Acr area of concrete shear interface, in
2 
Avf area of shear reinforcement across shear plane, in
2 
c cohesion factor 
f'c 28-day concrete compressive strength, lb/in
2 
ft tensile strength of concrete, measured by splitting tensile strength, lb/in
2 
fy yield stress of reinforcement, lb/in
2 
K1 fraction of concrete strength available to resist interface shear 
K2 limiting interface shear resistance, kip/in
2 
Pc permanent net compressive force normal to the shear plane; if force is 
tensile, Pc = 0.0, kip 
Vn nominal shear strength, lb 
Vni nominal interface shear resistance, lb 
vn nominal shear stress, lb/in
2 
Vu ultimate shear strength, lb 
vu ultimate shear stress, lb/in
2 
vur residual shear stress, lb/in
2 
λ modification factor reflecting the reduced mechanical properties of 
lightweight concrete, relative to normalweight concrete of the same 
compressive strength 
τ shear stress 
σ normal stress 




µe effective coefficient of friction 
ρ shear-friction reinforcement ratio, Av/Acr 
ϕ capacity reduction factor 
ϕ angle of internal friction 
ACI American Concrete Institute 
ASCE American Society of Civil Engineers 
ASTM American Society for Testing and Materials 
DC-LVDT direct current - linear voltage displacement transducer 






1.1. PROBLEM DEFINITION 
As skyscrapers are built taller and bridges span further every year, it becomes 
increasingly important to develop new construction materials that not only perform well, 
but are also economical.  The use of lightweight aggregates in concrete construction 
projects can be beneficial because they allow a reduction in member weight for a certain 
geometry.  This reduction in weight is particularly advantageous in multi-story concrete 
buildings in which the columns must support the self-weight of the floors above, in 
addition to various external loads.  In addition, the use of precast concrete members 
speeds up the construction process for structures of all types.  The use of lightweight 
concrete for precast members adds fuel cost savings when the expense of transporting 
these members from the production plant to the jobsite is considered. 
However, the use of lightweight aggregates corresponds to a reduction in 
mechanical properties, which is recognized in the ACI 318 Code (2014) as well as the 
PCI Design Handbook 7th Edition (2014) which both require the use of a lightweight 
modification factor λ for certain design provisions.  The use of λ is based on the idea that 
the tensile strength f’t of lightweight aggregate concrete is lower than that of 
normalweight concrete with a similar compressive strength f’c. 
For lightweight concrete, one mechanical property needed for structural design is 
shear transfer strength at connections.  A common method used to design reinforced 
concrete connections is the shear-friction concept.  According to this method, shear 
transfer strength is a function of the interface conditions listed in Table 1.1.  While 
extensive research has been conducted in this area using normalweight concrete, the 
shear-friction database does not include many lightweight specimens, especially those 
with a cold-joint.  In 2013, Dane Shaw used cold-joint push-off specimens to study the 
shear-friction properties of concrete with various unit weights, compressive strengths f’c, 
and interface conditions.  This current project is meant to expand Shaw’s work to include 






Table 1.1 Shear Interface Conditions – PCI Design Handbook 7th Edition (2011) 
Case Interface Condition 
1 Concrete to concrete, cast monolithically 
2 Concrete to hardened concrete, with roughened surface* 
3 Concrete placed against hardened concrete not intentionally roughened 
4 Concrete to steel 
*Both the ACI and PCI design provisions specify an intentionally roughened surface to 




1.2.  GOAL AND OBJECTIVES 
The goal of this project was to study the effects of lightweight aggregate type, 
interface condition, and reinforcement ratio on the shear transfer strength of push-off 
specimens constructed of sand-lightweight concrete.  Specific objectives were to: 
a) Expand the shear-friction database to include sand-lightweight cold-joint 
specimens constructed with expanded slate and expanded clay coarse 
aggregates. 
b) Evaluate the shear-friction performance of these specimens and compare 
results to previous data. 
c) Use the results to determine the conservativeness of shear-friction design 
provisions from the ACI 318 Code, the PCI Design Handbook, and 
AASHTO LRFD Bridge Design Specifications. 
d) Evaluate the apparent coefficients of friction from the specimens and 
compare the values to those currently used in the aforementioned design 
codes/specifications. 
1.3. SCOPE 
1.3.1. Project Scope.  The scope of this entire project includes 52 push-off  
specimens.  The laboratory work was completed by two master’s students, Kristian Krc 
and Samantha Wermager, and portions of the data were used in separate analyses and 




The following variables were included in the test matrix: 
a) The interface condition along the shear plane was either monolithic or cold-joint. 
b) The interface for the monolithic specimens was either precracked or left 
uncracked.  The cold-joint specimens had an interface that was either troweled 
smooth or intentionally roughened. 
c) Three unit weights of concrete were studied: normalweight, sand-lightweight, and 
all-lightweight. 
d) Three types of lightweight aggregate were used, including expanded shale, 
expanded slate, or expanded clay. 
e) The reinforcement ratio was varied for certain specimen series.  The values 
ranged from ρ = 0.009 to ρ = 0.022.   
1.3.2. Thesis Scope.  The scope of this thesis includes 32 push-off specimens,  
all of which were constructed from sand-lightweight concrete.  Expanded slate or 
expanded clay was used for the course aggregate, and river sand was used for the fine 
aggregate.  The two halves of each specimen were constructed at different times to 
simulate a construction joint.  This casting procedure is referred to herein as ‘cold-joint’.  
The shear interface for the specimens in this thesis were either roughened to an amplitude 
of 0.25 in., or troweled smooth, which represent Cases 2 and 3, respectively, from Table 
1.1.  Also, the amount of steel reinforcement crossing the shear plane was varied for each 
series.  By using either 2, 3, 4, or 5 double-legged No. 3 steel reinforcing bars across the 
shear plane, specimens had reinforcement ratios of ρ = 0.009, ρ = 0.013, ρ = 0.017, or ρ = 
0.022, respectively. 
1.4. SUMMARY OF THESIS CONTENT 
The problem definition, goal, objectives, and scope of this project are defined in 
Section 1.  The background investigation including a literature review and summary of 
current design provisions is contained in Section 2.  Section 3 describes the 
experimental program in terms of materials, specimen design and fabrication, test set-
up, and results.  Section 4 contains a discussion of the general behavior of the specimens 
and the observed influence of test variables.  Also, Section 4 covers comparisons of the 




specimens.  Finally, Section 5 contains a summary, conclusion, and recommendations 
for design equations as well as suggestions for future work.  The database of test results 




2. BACKGROUND INFORMATION 
 
2.1. INTRODUCTION 
Due to the non-ductile nature of concrete, the design of connections in reinforced 
concrete structures is of great concern when there is little redundancy or high levels of 
shear forces involved.  One such way to design these types of connections is by the shear-
friction method which was pioneered in the 1960s by Birkeland and Birkeland (Section 
2.4.2); Mast (Section 2.4.3); and Hofbeck, Ibrahim, and Mattock (Section 2.4.4).  
Particularly with the development and widespread use of precast reinforced concrete 
members, the design of connections has become increasingly complicated.  Several 
factors must be considered including: the interface condition, the amount of 
reinforcement crossing the shear plane, the yield strength of the reinforcement, the 
compressive strength of the concrete, the density of the concrete, the presence of an 
externally applied tension or compression force, etc.  The transfer of shear forces across 
an interface is discussed in Section 2.2.  The development and the current (2015) shear-
friction design provisions according to ACI, PCI, and AASHTO are described in Section 
2.3.  Previous studies concerning shear-friction are summarized in Section 2.4. 
2.2. INTERFACE SHEAR-FRICTION 
2.2.1. Shear-friction.  The shear-friction theory was initially developed to  
describe the transfer of shear forces across the interface of a precast element to a cast-in-
place element.  It has been extended to include shear transfer across monolithic interfaces 
as well.  One of the principal assumptions of the shear-friction theory is that a crack or 
discontinuous interface exists.  The shear force causes the two surfaces to slip relative to 
each other.  The mechanisms of aggregate interlock, interface shear-friction, dowel action 
of the reinforcement, and cohesion of the two surfaces work in unison to resist shear 
forces.  These mechanisms are further described in Section 2.2.2. 
While the shear-friction concept is applied to initially uncracked elements, 
initially cracked elements correspond to lower ultimate shear transfer strengths.  In order 
to simulate the worst-case scenario, it is assumed that a crack has formed in the element 




shrinkage cracking, accidental dropping of the specimen, unintended impact forces 
during transportation or placement of a precast specimen, etc.  Thus, many previous 
studies have included both uncracked and pre-cracked monolithic specimens to compare 
their shear transfer strengths. 
Several factors have recently been investigated for their effect on shear strength.  
Concretes with higher compressive strengths have the potential for higher shear 
capacities for normalweight concrete as noted by Mattock (2001) and Kahn and Mitchell 
(2002).  Cyclic or sustained loading has been shown by Walraven et al. (1987) to have 
little effect on the shear transfer capacity; thus, it is typical for shear-friction specimens to 
be tested by monotonic loading.  Hsu, Mau, and Chen (1987) warned of the potential 
influence of large amounts of steel reinforcement parallel to the shear plane on the 
ultimate shear strength of connections.   
Several researchers (Mattock, et al. 1976; Hoff 1993; Shaw 2013) have 
investigated the effect on shear transfer when lightweight concrete is used.  Their results 
reveal that the bond between the mortar and aggregate particles is stronger than the 
tensile strength of the aggregate alone, and cracks may propagate directly through the 
aggregate particles.  This causes a smoother crack surface which reduces ultimate shear 
capacity when compared to that of normalweight concrete.  Typically, in normalweight 
concrete the cracks propagate around the aggregate since the aggregate’s tensile strength 
is higher than the bond between the mortar and aggregate particles (Mattock, et al. 1976).  
This phenomenon produces a rougher surface which aids in aggregate interlock and 
forces higher surface separation to occur for a given amount of slip.   
Previous studies (Mattock and Hawkins 1972; Mattock, et al. 1975) have 
concluded that tension or compression that is externally applied normal to the shear plane 
can either hinder or aid, respectively, in the resistance of shear forces and must be 
included in shear-friction provisions. 
2.2.2. Shear-friction Mechanisms.  When shear forces are applied in a cracked  
region of concrete, slip will occur along the crack.  This shear plane is likely jagged, and 
the two faces of concrete resist slipping through the mechanism of ‘aggregate interlock.’  
These rough surfaces must first separate to overcome small ridges before slip can occur.  




concrete surfaces.  Tension forces are induced in the steel which in turn create equal and 
opposite compression forces between the concrete faces.  These compression forces 
correspond to the ‘normal’ forces of the basic friction equation which is further discussed 
in Section 2.2.2.1.  The combination of this steel clamping force and the inherent friction 
along the crack surface is referred to as the mechanism of interface shear-friction.  The 









 Another contributor to shear strength along an interface is dowel action of the 
steel reinforcement.  Paulay et al. (1974) separated dowel action into three different 
mechanisms (Figure 2.2) which include flexure, shear, and kinking of the steel bar.  Since 
(Distributed compression 




significant levels of slip and crushing of the concrete are required to engage 
reinforcement bars, dowel action alone cannot be relied upon as a principle shear force 
resistance mechanism.  Large levels of slip can cause deflection issues, and large, 
unsightly cracks in a reinforced concrete structure are likely to be a major concern to its 
tenants.  For typical levels of load and slip, Paulay, et al. state that only 15% of the shear-









 Another component of shear-friction capacity is bond of the two opposing 
concrete faces, also referred to as cohesion.  It has been suggested by Kahn and Mitchell 
(2002) that concretes with higher compressive strengths have higher shear strengths in 
monolithic and cold-joint specimens due to the contribution of cohesion.  These 
researchers included a term in their proposed shear-friction equation to account for bond 
and asperity shear.  The literature does not clearly define the term asperity shear, but the 




by the projections (asperities) on the crack interface which did not previously interact 
with rough areas on the opposite face as slip progresses along the shear plane. 
2.2.2.1 Coefficient of friction.  Harries, et al. (2012) define the  
shear-friction factor, μ, as the ratio of shear stress τ to the normal stress σ across the shear 
interface (Equation 2.1), which can be manipulated by representing the normal force as 
equivalent to the tensile force in the steel Avffs combined with an external clamping force 
Pc which may or may not be present.  In this equation, V is the shear applied along the 









(𝐴𝑣𝑓𝑓𝑠 + 𝑃𝑐) 𝐴𝑐𝑣⁄
=  
𝑉




The classical equation from basic physics for the force due to friction Ff (Equation 
2.2) is simply the coefficient of friction μ multiplied by the normal force N.  In the case of 
shear-friction design, this coefficient of friction does not represent the true roughness of 
the shear interface.  Instead, researchers have modified it in the development of empirical 
equations.  The coefficient of friction in modern design codes has become an all-inclusive 
parameter which also accounts for the effects of aggregate interlock and cohesion 
(Harries et al. 2012).  These design code provisions are further discussed in Section 2.3. 
 
 
 𝐹𝑓 =  𝜇𝑁 (2.2) 
 
 
2.2.2.2 Effective coefficient of friction.  In certain design provisions or  
equations, μe is used for various interface conditions.  The effective coefficient of 
friction, μe, was first introduced in the 2
nd edition of the PCI Handbook (1978) for use 
when the shear-friction concept is applied to precast concrete construction.  The 7th 




reversal does not occur.  The value of this parameter and its applicability are described in 
greater detail in Section 2.3. 
2.3. SHEAR-FRICTION DESIGN PROVISIONS 
In the fundamental equation (Equation 2.1) for the coefficient of friction μ, the 
term Pc accounts for an external force.  It is conservative to ignore this external force if it 
is compressive.  Yet, if an external tensile force is applied across the shear plane, extra 
reinforcement must be provided to account for this force, and it shall be separate from the 
reinforcement required by shear-friction provisions.  Such a tension force may be caused 
by restraining the movement of members due to temperature or shrinkage expansion/ 
contraction.  If Pc is ignored in Equation 2.1, this equation can be rearranged in terms of 
nominal shear strength, Vn (Equation 2.3).  Here, Vu is the applied factored shear force 
parallel to the assumed crack, ϕ is the strength reduction factor, Avf is the area of shear 








= 𝐴𝑣𝑓𝑓𝑦𝜇 (2.3) 
 
 
 This fundamental equation (Equation 2.3) forms the basis of shear-friction design 
in the PCI Design Handbook, ACI 318 Code, and AASHTO LRFD Bridge Design 
Specifications.  Their specific provisions are detailed in Sections 2.3.1 through 2.3.4.  
Within these provisions, a modification factor, λ, is used to account for the reduced 
tensile strength (and thus, reduced shear strength and friction capacity) of lightweight 
aggregate concrete (ACI 318-14 and PCI 2011).  A value of λ = 1.0 corresponds to 
normalweight concrete, with λ = 0.85 used for sand-lightweight concrete, and λ = 0.75 for 
all-lightweight concrete.  If lightweight concrete is used, and the splitting tensile strength 
fct is known, ACI and PCI design provisions allow the lightweight modification factor λ 
to be determined by Equation 2.4.  Note that the maximum value of λ allowed by this 





𝜆 =  
𝑓𝑐𝑡
(6.7√𝑓𝑐′)
 ≤ 1.0 (2.4) 
 
 
2.3.1. PCI Design Handbook.  The Precast/Prestressed Concrete Institute has  
been developing the body of knowledge surrounding precast and prestressed concrete 
since the 1950s.  Shear-friction provisions have evolved over the years, and there have 
been some modifications in recent editions.  The only change from the 5th to the 6th 
edition of the PCI Design Handbook was that the strength reduction factor ϕ for shear-
friction design decreased from 0.85 to 0.75.  Tanner (2008) explores the unique problem 
that this change created.  The transition from the 6th to the 7th edition saw a few more 
changes which were also discussed by Tanner and are summarized in this section.   
2.3.1.1 PCI Design Handbook 6th Edition (2004).  Shear-friction provisions of  
the 6th Edition of the PCI Handbook require an amount of shear reinforcement normal to 
the crack Avf as given by Equation 2.5, where, ϕ = 0.75, Vu is the applied factored shear 
force parallel to the assumed crack plane (lb), fy is the yield strength of the steel 
















A different value of μ is recommended for each of the four different crack 
interface conditions (Table 2.1), and is a function of the value of λ, which is a 
modification factor to account for the use of lightweight aggregate.  Table 2.1 also shows 
suggested maximum values of the effective coefficient of friction μe and maximum 





Table 2.1. Shear-friction Coefficients for PCI Design Handbook 6th Edition (2004) 
Case Crack Interface Condition μ Max μe Max Vu = ϕVn 
1 
Concrete to concrete, cast 
monolithically 
1.4λ 3.4 0.30λ2f’cAcr ≤ 1000λ
2Acr 
2 
Concrete to hardened concrete, with 
roughened surface 
1.0λ 2.9 0.25λ2f’cAcr ≤ 1000λ
2Acr 
3 
Concrete placed against hardened 
concrete not intentionally roughened 
0.6λ 2.2 0.20λ2f’cAcr ≤ 800λ
2Acr 





2.3.1.2 PCI Design Handbook 7th Edition (2011).  The 7th Edition of the  
PCI Design Handbook states that the shear-friction method is applicable to reinforced 
concrete bearing, corbels, daps, composite sections, connections of shear walls to 
foundations, shear connections in precast concrete diaphragms, and other applications.  
From the 6th to the 7th edition, there were a few modifications.  First, Table 2.2 shows that 
μe became inapplicable for the case of concrete to concrete not intentionally roughened 
(Case 3), as well as the case of the concrete to steel interface condition (Case 4).  Instead, 
Equation 2.7 is used for these two cases, where μ is used in place of μe.  For Case 1 and 
Case 2, Equation 2.8 is still used, with values of μe according to Equation 2.9.  The 
second change in the 7th Edition is the addition of ϕ to Equation 2.9.  This change was 
made to reflect the fact that μe is not a function of Vu, but rather it is a function of 
Vn=Vu/ϕ.  The third major change of this edition is also shown in Table 2.2, where the 


























Table 2.2. Shear-friction Coefficients for PCI Design Handbook 7th Edition (2011) 
Case Crack Interface Condition μ Max μe Max Vu = ϕVn 
1 
Concrete to concrete, cast 
monolithically 
1.4λ 3.4 0.30λf’cAcr ≤ 1000λAcr 
2 
Concrete to hardened concrete, with 
roughened surface 
1.0λ 2.9 0.25λf’cAcr ≤ 1000λAcr 
3 
Concrete placed against hardened 
concrete not intentionally roughened 
0.6λ N/A 0.20λf’cAcr ≤ 800λAcr 




2.3.2. ACI 318 Code (2014).  The current ACI (American Concrete Institute)  
code avoids the use of an effective coefficient of friction μe; instead, μ is used for all 
interface conditions.  The nominal shear strength for the case of reinforcement 
perpendicular to the shear plane is given by Equation 2.10.  When the shear-friction 
reinforcement is inclined at an angle α from the shear plane, Equation 2.11 is used.  The 
ACI values for μ are the same as PCI 6th and 7th editions; however, the limitations on 
Vn,max are slightly different (Table 2.3). 
If the average splitting tensile strength of the lightweight concrete fct is known, the 
lightweight modification factor λ may be calculated according to Equation 2.4, which is 
also specified in the PCI Design Handbook.  However, unlike PCI, the ACI 318 Code 
also allows λ to be modified based on volumetric fractions of normalweight and 
lightweight coarse and fine aggregates.  When lightweight coarse aggregate is used with a 
mix of lightweight and normalweight fine aggregate, ACI 318-14 allows linear 
interpolation between the values of 0.75 and 0.85 based on the volumetric fraction of 
lightweight fine aggregate that is replaced with normalweight fine aggregate.  Also, when 




aggregate, ACI 318-14 allows λ to be interpolated by volumetric fraction (with λ ranging 
between 0.85 and 1.0).   
 
 
 𝑉𝑛 =  𝐴𝑣𝑓𝑓𝑦𝜇 (2.10) 
 
 




Table 2.3. Shear-friction Coefficients for ACI 318 (2014) 
Case Crack Interface Condition μ Vn,max = Vu /ϕ 
1 
Concrete to concrete, cast 
monolithically 
1.4λ 
For normalweight concrete 
(monolithic or roughened), 
Vn,max equals least of: 
a) 0.2f’c Ac 
b) (480 + 0.08f’c)Ac   or 
c) 1600Ac 
For all other cases, 
Vn,max equals lesser of: 
a) 0.2f’c Ac   or 
b) 800Ac 
2 




Concrete placed against hardened 
concrete not intentionally roughened 
0.6λ 
4 
Concrete anchored to as-rolled 






2.3.3. AASHTO LRFD Bridge Design Specifications 7th Edition (2014).   
American Association of State Highway and Transportation Officials has published a 
specification which contains shear-friction provisions that are slightly different than their 
ACI and PCI equivalents.  The 7th Edition of the AASHTO LRFD Bridge Design 
Specifications requires the nominal shear resistance Vni of the interface plane to be taken 
as shown in Equation 2.12.  Acv is defined as the area of concrete considered to be 
engaged in interface shear transfer (Equation 2.13), with bvi and Lvi corresponding to the 




interface shear reinforcement crossing the shear plane within the area Acv; c and μ are 
cohesion and friction factors, respectively, with values specified in Table 2.4; fy is the 
yield stress of the reinforcement, with a design value ≤ 60 ksi.  The coefficient K1 
represents the fraction of concrete strength available to resist interface shear, and K2 is 
the limiting interface shear resistance.  Both of these coefficients are specified as shown 
in Table 2.4. 
 
 
 𝑉𝑛𝑖 =  c𝐴𝑐𝑣 +  𝜇(𝐴𝑣𝑓𝑓𝑦 +  𝑃𝑐) (2.12) 
 
 
But, not greater than the lesser of:  K1 f’c Acv, or K2 Acv 
 
 𝐴𝑐𝑣 = 𝑏𝑣𝑖𝐿𝑣𝑖 (2.13) 
 
 
 The reinforcement parameter ρfy is specified to be no less than 0.05.  This value is 
found by rearranging 2.14 and recognizing that ρ = Avf / Acv.  A design using an amount 
of steel reinforcement which satisfies Equation 2.14, must also be checked against 
Equation 2.16 where Vri is the factored interface shear resistance (Equation 2.15), Vui is 
the factored interface shear force due to total load based on the applicable strength and 
extreme event load combinations found in AASHTO LRFD Bridge Design Specifications 
7th Edition, 2014.  The resistance factor for shear, ϕ, is based on different concrete unit 
weights; ϕ = 0.9 for normalweight concrete, or ϕ = 0.7 for lightweight concrete.  Note 
that AASHTO does not use the lightweight reduction factor λ which both ACI and PCI 
currently use.  Instead, AASHTO has different values of ϕ, c, μ, K1, and K2 for 
normalweight versus lightweight concrete construction (Table 2.4).  Also, AASHTO does 














 𝑉𝑟𝑖 = ϕ𝑉𝑛𝑖 (2.15) 
 
 




Table 2.4. AASHTO LRFD Bridge Design Specifications 7th Edition (2014) cohesion and 
friction factors 









Cast-in-place slab on girder with roughened interface; 
normalweight concrete 
0.28 1.0 0.3 1.8 
Cast-in-place slab on girder with roughened interface; 
lightweight concrete 
0.28 1.0 0.3 1.3 
Normalweight concrete placed monolithically 0.40 1.4 0.25 1.5 
Lightweight concrete placed monolithically, or 
lightweight cold-joint with roughened interface 
0.24 1.0 0.25 1.0 
Normalweight cold-joint with roughened interface 0.24 1.0 0.25 1.5 
Cold-joint with interface not intentionally roughened 0.075 0.6 0.2 0.8 
Concrete anchored to as-rolled structural steel by 
headed studs or by reinforcing bars 
0.025 0.7 0.2 0.8 
*Note:  All concrete or steel surfaces must be clean and free of laitance; an intentionally 




 A very important exception to these provisions is that brackets, corbels, and 




AASHTO commentary to this provision explains that vertical crack interfaces have 
unreliable cohesion and aggregate interlock properties.  Therefore, the cohesion factor is 
conservatively set to zero for these cases.  It is important to realize that the AASHTO 
LRFD Bridge Design Specifications are meant to be used in the “design, evaluation, and 
rehabilitation of bridges, and are mandated by the Federal Highway Administration for 
use on all bridges using federal funding.”  The most common shear interface in bridges is 
the horizontal interface between a slab and girder.  Therefore, the main focus of the 
shear-friction provisions in this specification is horizontal shear, not vertical shear.  
However, the focus of this testing program is the fundamental shear-friction behavior for 
any general interface orientation; thus, in this study, the results of the test data will be 
compared both with and without the cohesion factor. 
2.4. PRIOR STUDIES 
The literature review contained herein summarizes the development of shear-
friction theory.  These previous studies have provided the framework which shaped the 
current shear-friction design provisions.  They also provided the basis for the specimen 
design and testing protocol of this study. 
2.4.1. Hanson, 1960.  To act as a composite section, precast bridge girders  
overlain by a cast in-situ deck slab must be adequately connected at their interface.  
Hanson tested 62 push-off specimens as well as 10 larger-scale T-girders to study the 
transfer of horizontal shear.  Concrete compressive strength varied from 3,000 to 5,000 
psi.  The parameters varied included roughness of interface, adhesive bond between 
girder and slab, the addition of keys to the interface, area of shear transfer, and 
reinforcement ratio.   
Hanson recorded shearing stress and slip, and from the results of the push-off tests 
and girder specimens he concluded: 
1. Concrete strength seemed to have a direct correlation to the shearing stress, 
although it was not an intended variable of concern in this particular investigation. 
2. The shearing strength of keys cannot be added to the contribution of bond and 
roughness.  Large values of slip are required to fully engage the keys.  It is 
suggested that they be avoided; instead, designers should rely on bond, roughness, 




3. The results of the push-off tests seemed to be a good representation of the results 
of the girder tests, and thus push-off tests are a useful tool in studying horizontal 
shear transfer. 
4. Hanson suggested values for maximum shearing stress of various interface 
conditions, as well as contribution of reinforcing bars on a percent reinforcement 
basis. 
2.4.2. Birkeland and Birkeland, 1966.  Several examples of rigid connection  
designs involving precast concrete panels, beams, and columns were developed by the 
authors including associated reinforcement and hardware.  They also introduced the use 
of the shear-friction theory for connections which cannot be designed using beam shear-
flexure and principal tension analyses.  An example of a situation where this occurs is the 
plane of maximum shear at the face of a corbel.  Birkeland and Birkeland stated that 
shear strength (capacity) V can be represented as in Equation 2.17, with tan ϕ 
representing the coefficient of friction between the adjoining surfaces; Vu is the total 
ultimate shear force (demand); As is the total cross-sectional area of reinforcing across the 
interface; fy is the yield strength of reinforcing (≤ 60 ksi); and FS is the factor of safety.  
The authors also provided a visual comparison of the various push-off specimen designs 












 tan ϕ = 1.7 for monolithic concrete 
 tan ϕ = 1.4 for artificially roughened construction joints 
 tan ϕ = 0.8 to 1.0 for ordinary construction joints and concrete to steel interfaces 
 
 
Birkeland and Birkeland cautioned that the shear reinforcement must be properly 
anchored in order to develop yield, and headed studs could be used to engage concrete.  





Figure 2.3.  Typical push-off specimen configurations used in previous research 
(Birkeland and Birkeland 1966) 
 
 
surface be cleared of all dirt and debris before placing the second lift of a cold-joint.  
Also, they cautioned designers about the decreased clamping force available when 
external tension loads are present.  They went on to explain the limitations from previous 
studies by Hanson (1960) and Anderson (1960) and how they have shaped the limitations 
on the applicability of shear-friction theory to date.  One important note is the 800 psi 
limit for ultimate shear stress of concrete set in place based on Mast’s unpublished 
research.  Birkeland and Birkeland suggest that this limitation is based on the result of 
only one specimen using poor testing methods and should be re-evaluated.  They assert 
that if the cast-in-place concrete used in that test had been allowed to cure fully, the 
results would be closer to that of shear-friction theory.  The authors also recognized the 




only ASTM A-15, Intermediate Grade reinforcing steel had been tested at that time, with 
a yield strength of approximately 50 ksi.  Birkeland and Birkeland gave example design 
calculations within their article for a knife connection as well as a bearing connection.   
2.4.3. Mast, 1968.  This paper summarized some of the difficulties of designing  
precast elements and offers examples of detailed connection designs.  Mast stated that 
these elements must be assumed to have a pre-existing crack in order to create a 
conservative design.  Since it is assumed that a crack exists, the provisions of the shear-
friction hypothesis can be applied.   
Mast warned of several limitations to this design method: 
1. The shear-friction hypothesis cannot be applied in situations where slip is highly 
critical or where fatigue is a potential problem. 
2. Reinforcement for externally applied tension across a crack must be considered 
separately from the tension reinforcement required by the shear-friction theory. 
3. Tensile reinforcement must be properly anchored on both sides of a crack so that 
the full yield strength of the steel is able to develop. 
4. Since all testing to date had been done using normalweight concrete, the results of 
this and previous studies were not recommended to be applied to lightweight 
concrete due to differences in the aggregate’s internal structure. 
5. Suggested values of tan ϕ determined from testing are summarized in Table 2.5.  
These values are empirical and reflect cracked specimens tested at generally low 




Table 2.5.  Values of tan ϕ recommended for design (Mast 1968) 
Case Description tan ϕ 
a Concrete to concrete, rough interface 1.4 
b Concrete to steel, composite beams 1.0 
c Concrete to steel, field-welded inserts 0.7 





6. Because the angle of internal friction, ϕ, has been assumed to be unaffected by 
concrete strength and stress level, it is not safe to make direct correlations for test 
specimens of higher strength and stress levels.  Further testing is needed; 
therefore, the author suggested limiting the reinforcement parameter, ρfy, to 15% 
of the concrete compressive strength. 
2.4.4. Hofbeck, Ibrahim, and Mattock, 1969.  The shear-friction of  
normalweight concrete was studied using 36 push-off specimens which had either pre-
cracked or uncracked shear interface conditions.  All specimens were cast on their side to 
create a monolithic specimen with concrete compressive strengths f’c ranging from 
approximately 2,500 to 4,500 psi.  The pre-cracked condition was achieved by applying a 
line force along the shear plane before compression testing.  This was done to simulate a 
crack which may form in a concrete connection before shear is applied; i.e. temperature 
and shrinkage cracks, or damage to a precast member during shipping or installation.  
The results of the study were strongly supported by the shear-friction theory.  Mohr’s 
circle was used to represent failure conditions of concrete.   The Zia envelope method 
(Zia 1961) was applied to initially uncracked concrete specimens in order to determine 
their shear transfer strength. 
Hofbeck, et al. found that for all levels of load, the pre-cracked specimens had an 
increase in slip and a reduction in ultimate shear transfer relative to uncracked specimens.  
Specifically, the f’c = 4,000 psi specimens with ρfy values of 200 to 1,000 psi had a shear 
strength that was 250 psi lower than that of similar uncracked specimens.   
The reinforcement parameter, ρfy, has a direct effect on the shear transfer strength.  
Therefore, modifying the strength, size, and spacing of steel reinforcement will change 
the shear transfer strength.  For pre-cracked specimens, there is a definitive point in the 
linear regression of the shear transfer strength vs. reinforcement parameter plot in which 
the slope is reduced.  This transition point varies for differing concrete compressive 
strengths, but below this point, the regression line is similar to that of concrete strengths 
greater than or equal to the strength being considered. 
Dowel action of the reinforcing bars which cross the shear plane had minimal 
contribution to shear strength of the uncracked specimens, but had a significant 




comparing pre-cracked and initially uncracked specimens to their control counterparts in 
which rubber sleeves had been provided around reinforcement to eliminate shear strength 
contributions due to dowel action.  This behavior was explained by the authors as most 
likely being attributed to the different cracking patterns of the uncracked and pre-cracked 
specimens.  In the initially uncracked specimens, diagonal tension cracks form, and the 
concrete struts in between eventually fail by crushing.  This diagonal orientation of the 
cracks puts the reinforcement into tension, rather than direct shear.  On the other hand, 
pre-cracking the specimens ensure that the reinforcing stirrups are perpendicular to the 
shear plane, and dowel action can develop since the steel bars see a more direct shearing 
action by both faces of concrete on opposite sides of the crack.   
For pre-cracked specimens of normalweight concrete, with intermediate shear 
reinforcement (ASTM A432, experimental fy = 66.1 ksi), the shear-friction theory gives a 
fairly conservative estimate of shear strength when a coefficient of friction between the 
faces of the crack of μ = 1.40 is used.  This is true as long as the reinforcement parameter 
ρfy is less than the smaller of 0.15f’c or 600 psi.  For uncracked or cold-joint specimens 
with a roughened interface, the Zia failure envelope provides a reasonably accurate 
relationship between shear transfer strength and reinforcement parameter ρfy.  
2.4.5. Mattock and Hawkins, 1972.  This study investigated the shear strength of  
monolithic concrete connections.  Variables incorporated into the test specimens 
included: condition of the shear plane, type of reinforcement, concrete compressive 
strength, and presence of direct stresses which act either parallel or perpendicular to the 
shear plane.  Both push-off and pull-off specimens were used in this study, along with a 
modified push-off design as shown in Figure 2.4.   
 Mattock and Hawkins concluded from their data that slip will be increased and 
shear transfer strength will decrease if there is a pre-existing crack along the shear plane 
of a monolithic specimen.  The researchers also discovered that if shear reinforcement 
strength, size, or spacing is modified among the specimens, the shear transfer strength 
will only be affected if the reinforcement parameter, ρfy is changed.  Note that this 







Figure 2.4. Mattock and Hawkins (1972) shear transfer study: from left to right, push-off, 




Another key finding from this study was the effect of concrete strength on the 
shear strength of initially cracked specimens.  As shown in Figure 2.5, specimens of 
2,500 psi concrete have similar shear strengths to specimens of 4,000 psi concrete for low 
values of ρfy.  Then, for values of reinforcement parameter ρfy larger than a particular 
value of ρfy (about 500 psi), the shear strength is higher for concrete with a higher 
compressive strength f’c.   
In studying the initially uncracked pull-off specimens, it was found that direct 
tension stress parallel to the shear plane reduces the shear transfer strength.  Yet, shear 
transfer strength was not reduced in specimens that were initially cracked.  On the other 
hand, externally applied compressive stress acting perpendicular to the shear plane can be 
added to ρfy in calculations of shear strength for both initially cracked and uncracked 
specimens.  Mattock and Hawkins noticed diagonal tension cracks in their initially 
uncracked specimens and explained that they are due to truss action along the shear 
plane.  After the inclined concrete ‘struts’ form, they eventually fail under shear and axial 










For initially cracked specimens, the researchers explained that the shear transfer 
strength is developed primarily by friction along the shear interface and dowel action of 
the reinforcement.  In the case where there is a large amount of reinforcement or a large 
compressive stress perpendicular to the shear plane, the crack is essentially clamped shut.  
Therefore, shear transfer strength is developed as if the specimen were initially 
uncracked, and the diagonal tension cracking across the shear plane with eventual 
concrete ‘strut’ failure is noted. 
The main conclusion of the study is that the current ACI 318 code provisions 
(1971) were safe, but overly conservative for higher concrete strengths and a large 
amount of reinforcement.  In order to reflect these higher shear transfer strengths than the 
code-adopted value of 800 psi, Mattock and Hawkins suggested a new design equation 
(Equation 2.18).  The term σNx represents the externally applied direct stress across the 




 𝑣𝑢  = 200 𝑝𝑠𝑖 + 0.8 (𝜌𝑓𝑦  +  𝜎𝑁𝑥) (2.18) 
 
 
2.4.6. Paulay, Park, and Phillips, 1974.  These gentlemen tested the horizontal  
shear capacity of construction joints using thirty cold-joint specimens and six monolithic 
specimens of shear wall-footing connections (Figure 2.6).  The amount of reinforcement 
across the shear plane was varied as well as the surface preparation of the cold-joint 
specimens.  Joints were either steel troweled, sprayed with a chemical retarder, rough 
scraped, rough washed, rough chiseled, keyed, or the bond was removed through 
application of a varnish or wax.  The concrete had a target compressive strength of f’c = 
2,500 psi, while the actual compressive strength on the test day ranged from f’c = 2,920 to 
4,350 psi.  The cold-joint specimens were constructed with 9 to 25 days between each 
casting, and all specimens were tested at an age of 24 to 105 days.  A few specimens 
underwent cyclic loading, and it was concluded that design interface shear capacity and 
slip levels can be maintained along a horizontal construction joint, even through repeated 









In order to differentiate between the contributions of dowel action and other 
shear-friction mechanisms such as bond and interface friction, bond was destroyed on 
several specimens with a coat of varnish or wax.  It was concluded that significant dowel 
forces (up to 85% of the shear capacity) can be developed, but should be ignored for 
design purposes because a large amount of slip is created along the joint.  Instead, it was 
estimated that only 15% of the shear capacity was supplied by dowel action at load and 
slip levels within the typical design range.   
It was noted that the failure plane of the specimens in this study were typically not 
along the plane of the construction joint, except for the smooth troweled and lightly 
reinforced rough joints.  Instead, the failure plane was about an inch below the cold-joint 
interface, even in the instance where the stronger concrete was located below the joint.  It 
is assumed that this occurred due to the fresh concrete becoming non-homogeneous at the 
top surface once it was placed into the formwork; thus, making it weakest in the top-most 
layer.  Since the construction joint was not deemed the weakest link in most specimens, it 
was concluded that adequately reinforced construction joints with a dry, clean, and 
roughened interface will develop horizontal interface shear strength which is greater than 
or equal to the surrounding shear wall structure’s capacity. 
2.4.7. Mattock, Johal, and Chow, 1975.  Using concrete with a design strength  
of 4000 psi on the test day, and monolithic specimens (either pre-cracked or uncracked), 
shear strength of unique connections were tested by Mattock, Johal, and Chow in an 
effort to explore the current limitations of ACI Code and PCI Handbook design 
equations.  Corbel type push-off specimens were used to study the effect of moment 
acting on a shear plane, and a sketch of the test specimen is shown in Figure 2.7.  A 
second specimen design, as shown in Figure 2.8, was used to observe the shear strength 
in the presence of a tension force normal to the shear plane.  In order to apply this 
external tension force, it was necessary to anchor ¾ in. diameter high strength bolt within 
the central portion of the specimen.  This study also focused on the influence of spacing, 
location, and quantity of reinforcement on the total shear capacity of a connection.  
Results of the corbel-type specimens showed that the ultimate shear transfer capacity of 












Figure 2.8.  Push-off specimen for testing with tension across shear plane (Mattock, 
Johal, and Chow, 1975) 
(For the application 





There were several key conclusions to this study: 
1. It is necessary to add the normal stress σNw to the reinforcement parameter ρfy 
when calculating shear transfer strength.  This is valid for both initially cracked 
and initially uncracked specimens.  The sign of σNw should be positive for a 
compression force normal to the shear plane and negative for tension. 
2. When there is tension normal to the shear plane, the amount of reinforcement 
required at the connection is the sum of the area of steel required for resisting 
shear and the area of steel required to resist the tension force. 
3. If a moment is present at a reinforced concrete connection, and it is less than or 
equal to the flexural strength of the cracked section, then the shear capacity of the 
connection will not be reduced.  When both moment and shear are present at a 
connection, the shear transfer reinforcement is most effective when located in the 
flexural tension zone. 
4. The PCI Handbook design equation for ρfy exceeding 600 psi is conservative for 
the cases of compression or tension acting normal to the shear plane, but σNw must 
be added to ρfy in the equation. 
5. Equations 2.19 and 2.20 which were proposed by Birkeland (1968) and Mattock 
(1974), respectively, are applicable in the case of shear and compression or 




𝑣𝑢 = 33.5√𝜌𝑓𝑦 (2.19) 
 
 
 𝑣𝑢 = 400 + 0.8𝜌𝑓𝑦 (2.20) 
 
 
2.4.8. Mattock, 1976.  In this study, eight series of push-off specimens  
constructed from normalweight concrete were tested under monotonic loading along the 




except for one series which also included 3,000 psi concrete.  One series included 
monolithic test specimens which were pre-cracked using a line load along the shear plane 
before testing.  All other series were of composite construction and were either pre-
cracked of uncracked before testing.  Also, bond was broken on several of the composite 
series by applying a film of soft soap and talc to the interface before casting the second 
half of the specimen.  The composite specimens either had an interface that was troweled 
smooth, or roughened to a 0.25 in. amplitude. 
 Mattock concluded that the intentionally roughened specimens behaved similarly 
to monolithic pre-cracked specimens, and had shear strengths that almost reached that of 
the monolithic specimens.  He proposed that the slight reduction in shear strength was 
due to the difference in the minor roughness of the crack faces in the two cases.  Since 
the shear strengths of the smooth interface specimens were roughly half that of the 
roughened interface specimens, Mattock recommended deliberately roughening the 
interface of cold-joints.  For a smooth interface, he found that dowel action was the 
primary mechanism of shear transfer.  Mattock also made recommendations for 
modifications to values for the coefficient of friction μ for normalweight concrete: 
a) For a roughened interface, Mattock recommended μ = 1.4 
b) For a smooth interface, Mattock recommended μ = 0.6 
Mattock also proposed modifications to ACI and PCI design equations for 
normalweight concrete in the form of Equation 2.21: 
 
 
 𝑣𝑢 = 0.8𝜌𝑓𝑦 + 400 𝑝𝑠𝑖 (2.21) 
 
Where: vu ≤ 0.2f’c for intentionally roughened cold-joint interface, and 
  vu ≤ 0.3f’c for a monolithic interface with f’c ≤ 6000 psi 
 
 
2.4.9. Mattock, Li, and Wang, 1976.  Push-off tests were performed on both  
uncracked and pre-cracked monolithic specimens constructed from normalweight, sand-




Out of the ten series of specimens tested in the program, eight series contained specimens 
which had a design concrete compressive strength of 4,000 psi, while the last two series 
had f’c = 2,500 psi and f’c = 6,000 psi, respectively.  Reinforcement ratio was also varied 
within each test series by including 0 – 6 stirrups across the shear plane which were all 
No. 3 welded closed stirrups. 
Results of the study indicate:  
1. For concretes of the same compressive strength, the normalweight concrete had 
higher shear transfer strength than lightweight in all cases.   
2. Shear transfer strength is not significantly affected when rounded lightweight 
aggregates are used versus angular lightweight aggregates.   
3. The shear-friction provisions of ACI 318-71 are not conservative for lightweight 
aggregate concrete, and it is suggested that the μ value should be multiplied by 
0.75 for all-lightweight concrete (unit weight ≥ 92 pcf) or 0.85 for sand-
lightweight concrete (unit weight ≥ 105 pcf).   
4. The shear-friction provisions of the PCI Design Handbook (1971) are not 
conservative for lightweight concretes and should not be used.   
5. The authors suggest new shear-friction design equations.  For sand-lightweight 
concrete (unit weight ≥ 105 pcf), Equation 2.22 should be used, but shear transfer 
strength should not exceed 0.2f’c nor 1000 psi with ρfy ≥ 200 psi.  For all-
lightweight concrete (unit weight ≥ 92 pcf), Equation 2.23 should be used, but 
shear transfer strength should not exceed 0.2f’c nor 800 psi with ρfy ≥ 200 psi.   
 
 
 𝑣𝑢 = 0.8𝜌𝑓𝑦 + 250 𝑝𝑠𝑖 (2.22) 
 
 𝑣𝑢 = 0.8𝜌𝑓𝑦 + 200 𝑝𝑠𝑖 (2.23) 
 
 
2.4.10. Shaihk, 1978.  Shaihk summarized the current state of knowledge 
surrounding the shear-friction properties of normalweight and lightweight concrete.  He 




Connection in Precast Prestressed Concrete (1973).  Previous work done by Mattock 
(1974), Birkeland (1969), and Raths (1977) was compared, and their proposed design 
equations were combined and modified.  The proposed amount of reinforcement required 
to cross a shear plane is represented in Equation 2.24, where Vu is the ultimate shear 
force, fyv is the specified yield strength of the shear-friction reinforcement, ϕ is the 
capacity reduction factor (where ϕ equals 0.85 for shear), and μe is the effective 










Raths’ expression for the effective coefficient of friction, μe, is one of the major proposed 
changes (Equation 2.25).  Cs represents a constant used for the effect of concrete density, 
with Cs = 1.0 for normalweight, Cs = 0.85 for sand-lightweight, and Cs = 0.75 for all-
lightweight concrete.  The nominal shear stress (capacity of the specimen) along the 
interface, vu, is the ultimate shear force, Vu, divided by the area of shear crack interface, 











The coefficient of static friction, μ, varies according to shear interface condition, 
and recommended values are found in Table 2.6, along with maximum values of vu.  
Mattock’s suggested value for a minimum ρvfy = 120 psi is also included in the proposal 
because it corresponds to a vu greater than or equal to the shear resistance due to the 





Table 2.6. Recommended μ and vu,max (Shaihk 1978) 
Crack Interface Condition 
Recommended 
μ 
Maximum vu, psi 
1.  Concrete to concrete, cast 
monolithically 
1.4 0.30 f’c Cs
2 ≤ 1200 Cs
2 
2.  Concrete to hardened concrete, ¼ in. 
roughness 
1.0 0.25 f’c Cs
2 ≤ 1000 Cs
2 
3.  Concrete to concrete, smooth interface 0.4 0.15 f’c Cs
2 ≤ 600 Cs
2 
4.  Concrete to steel 0.6 0.20 f’c Cs





2.4.11. Hsu, Mau, and Chen, 1987.  The truss-model theory was presented 
which is an alternative to the commonly used shear-friction theory.   This theory arose 
from the observation that initially uncracked push-off specimens develop numerous 
inclined cracks along the shear plane, after which point the concrete ‘struts’ parallel to 
these cracks fail due to crushing.  The theory was named for the truss-like action of the 
compression in the concrete struts combined with the tension in the steel reinforcement 
parallel to and crossing the shear plane.  Data from previous studies were used to validate 
the accuracy of the truss model theory.  The authors warned that the current ACI Building 
Code (ACI 318-83) shear-friction design provisions may be unconservative for 
connections with low amounts of transverse reinforcement.   
The results of the study suggested that reinforcement parallel to and near the shear 
plane (transverse reinforcement) contribute to the shear strength (Figure 2.9).  
Specifically, when transverse steel ratios of the test specimens were reduced from 0.0587 
to 0.0025, the shear strength decreased by 25%.  Hsu et al. explained that since most test 
specimens from previous studies had large amounts of transverse reinforcement, design 
provisions based on these tests should not be used for cases of low amounts of transverse 













2.4.12. Hoff, 1993.  The aim of this study was to develop high-strength 
lightweight aggregate concretes suitable for use in the Arctic region.  Several structural 
aspects of this unique concrete were studied including shear-friction capacity.  Hoff 
constructed push-off specimens with varied reinforcement ratios and a range of concrete 
compressive strengths.  Two types of lightweight aggregate were used: crushed or 
pelletized.  The study showed that larger reinforcement ratios corresponded to higher 
shear fiction capacity.  He also found that the specimens built from concrete with a higher 
compressive strength had higher shear-friction capacity.  An interesting finding was that 
the maximum shear stress levels were similar in the crushed and pelletized aggregate 
concretes, yet the slip behavior differed for the two types of aggregates.  The smoother 





aggregate specimens.  Hoff concluded that the shear-friction provisions of ACI 318-89 
are valid for the specimens tested in this study, but a more conservative reduction factor 
(such as 0.75 instead of 0.85) for sand-lightweight aggregate concrete should be used in 
critical areas of a structure. 
2.4.13. Mattock, 2001.  The shear-friction properties of connections in high- 
strength concrete were investigated.  Mattock evaluated the data from eight previous 
studies and concluded that shear-friction design provisions from ACI 318-99 are overly 
conservative when high-strength concretes are used.  New shear-friction design equations 
were suggested by Mattock to create more economical designs. 
1.  For monolithic concrete and cold-joint connections with interface intentionally 
roughened: 
a.  When (𝜌vf fy + σNx) ≥ K1/1.45 
Where:  K1 = 0.1f’c, but not more than 800 psi; 
 
 
 𝑣𝑛 = 𝐾1 + 0.8(𝜌𝑣𝑓 𝑓𝑦 +  𝜎𝑁𝑥)  (𝑝𝑠𝑖) (2.26) 
but not greater than K2f’c nor K3 psi; 
Where: K2 = 0.3; K3 = 2400 psi 
 
 
b.  When (𝜌vf fy + σNx) ≤ K1/1.45 
 
 
 𝑣𝑛 = 2.25(𝜌𝑣𝑓 𝑓𝑦 + 𝜎𝑁𝑥)  (𝑝𝑠𝑖) (2.27) 
 
 Note:  For normalweight monolithic concrete, K1 = 0.1f’c but not more than 800 
psi; K2 = 0.3; and K3 = 2400 psi.  For normalweight concrete placed against hardened 
normalweight concrete with the interface intentionally roughened, K1 = 400 psi; K2 = 0.3, 
where f’c shall be taken as the lower of the compressive strengths of the two concretes; 
and K3 = 2400 psi.  For sand-lightweight concrete, K1 = 250 psi; K2 = 0.2; and K3 = 1200 




2. For concrete placed against hardened concrete not intentionally roughened, 
 
 
 𝑣𝑛 =  0.6𝜆𝜌𝑣𝑓𝑓𝑦  (𝑝𝑠𝑖) (2.28) 
but not more than 0.2f’c nor 800 psi 
 
 
3. For concrete anchored to clean, unpainted, as-rolled structural steel by headed 
studs or by reinforcing bars, 
 
 
 𝑣𝑛 =  0.7 𝜌𝑣𝑓 𝑓𝑦 (𝑝𝑠𝑖) (2.29) 
but not more than 0.2f’c nor 800 psi 
 
 
2.4.14. Kahn and Mitchell, 2002. These gentlemen tested 50 push-off specimens  
with varying interface conditions: uncracked, pre-cracked, and cold-joint.  Their aim was 
to either disprove or demonstrate the validity of the ACI 318-99 shear-friction equations 
in regards to high strength concrete.  They tested concrete specimens with compressive 
strengths of 6,800 to 17,900 psi.  The transverse shear reinforcement ratios were also 
varied among the specimens, between 0.37% and 1.47%.  The specimens were 
constructed according to the design used by Hofbeck, Ibrahim, and Mattock (see Section 
2.4.4), as well as Anderson (1960), in order to produce comparable results.  Figure 2.10 
shows a typical failed specimen.  For the cold-joint specimens, the interface was neither 
troweled nor intentionally roughened, but it was noted that all but two specimens had a 
rough appearance with amplitude of about 0.25 in.   
From their results, Kahn and Mitchell concluded that the ACI 318-99 code 
provisions were indeed applicable to concrete strengths greater than 10,000 psi.  In fact, 
they noted that the provisions were conservative for high-strength concretes up to 18,000 
psi.  Therefore, they proposed a revised design equation for cold-joint and uncracked 










𝑣𝑢 =  
𝑉𝑢
𝐴𝑐
 =  0.05𝑓′𝑐 + 1.4𝜌𝑣 𝑓𝑦 ≤ 0.2𝑓′𝑐   (𝑝𝑠𝑖) (2.30) 
 
 
The first term of Equation 2.30 accounts for bond and asperity shear.  Note that 
the coefficient of 1.4 in the second term of the equation represents the coefficient of 
friction typically seen in previous shear-friction design equations for monolithic concrete.  
Here, the authors intend for the same value of μ to be used for multiple interface 
conditions: monolithic, cold-joint roughened, and cold-joint smooth.  The ultimate 




compressive strength of the concrete; ρv is the shear-friction reinforcement ratio; and fy is 
the yield stress of the reinforcement. 
Kahn and Mitchell suggested that the upper limit of 800 psi for shear strength Vu 
should be removed from the ACI Code for concrete strengths of 3,000 to 8,000 psi.  
Instead, they suggested an upper limit of 0.2 f’c.  They also concluded that residual 
strengths of uncracked, pre-cracked, and cold-joint specimens were similar for members 
of identical reinforcement ratios.  In order to regulate the scatter of data, they recommend 
that the yield stress of the reinforcing bars fy be limited to 60 ksi.  The shear-friction 
strengths of all specimens, independent of interface condition, were higher than predicted 
by ACI 318 – 99 code provisions, using µ = 1.4 and a maximum fy of 60 ksi.  Thus, they 
support the idea that a coefficient of friction, µ, of 1.4 be used for a roughened cold-joint 
interface condition.  Note that even though the smooth cold-joint interface was not the 
intended focus of this study, two specimens of the testing program had a smooth cold-
joint interface and were also conservatively predicted by Equation 2.30. 
2.4.15. Tanner, 2008.  Tanner’s article examined the evolution of the design  
equations for shear-friction in the 4th, 5th, and 6th Editions of the PCI Design Handbook 
and identified several key discrepancies with respect to the original test data used in their 
development.  First, he discusses the confusion caused by researchers using Vu and Vn 
interchangeably as meaning shear strength.  In LRFD design equations, however, the 
terms Vu and Vn refer to applied factored loads (demand) and strength (capacity), 
respectively.  Also, since the ϕ factors in ultimate strength design changed from 0.85 to 
0.75 for shear, the calculations of μe for various values of vn produce widely varying 
results as seen in Figure 2.11. 
Another issue noted by Tanner is the fact that μe should equal μ at vn,max.  He 
plotted the effective coefficient of friction versus nominal shear stress for each of the 
interface conditions according to the 6th edition of the PCI Design Handbook and found 
that the plots continue past the limit of vn = 1000 psi.  In fact, even at vn = 1000 psi, the 
values for μe were unconservative.  Tanner suggests replacing the 1000Acr term with the 
maximum nominal shear capacity Vn,max in the equation for μe.  In addition, to eliminate 
the confusion of whether the effective coefficient of friction is a function of λ or λ2, 





Figure 2.11.  Variation in effective coefficient of friction μe vs. nominal shear stress vn 














Table 2.7 contains recommended values for μ (which are the same as in the PCI 
Design Handbook 6th and 7th Editions), maximum μe, and Vn,max.  The values for Vn,max 
were implemented in the 7th Edition of the PCI Design Handbook, yet his suggestions for 
the maximum values of μe were not included in that edition.  Instead, the 7
th Edition of 
PCI gives maximum values of μe for the first two interface condition cases as 3.4 and 2.9, 
respectively.  For the third and fourth interface conditions listed in Table 2.7, the μe 













Concrete to concrete, cast 
monolithically 
1.4λ 3.4λ 0.30λ f’c Acr≤ 1000λAcr 
Concrete to concrete, with 
roughened surface 
1.0λ 2.9λ 0.25λ f’c Acr≤ 1000λAcr 
Concrete to concrete, with 
smooth surface 
0.6λ 2.2λ 0.20λ f’c Acr≤ 800λAcr 
Concrete to steel 0.7λ 2.4λ 0.20λ f’c Acr≤ 800λAcr 
Note: λ = 1.0 for normalweight concrete; λ = 0.85 for sand-lightweight concrete; λ = 0.75 




2.4.16. Harries, Zeno, and Shahrooz, 2012.  A series of cold-joint specimens  
with varied reinforcement ratio were constructed using either ASTM A615 (fy = 60 ksi) 
reinforcing steel bars or ASTM A1035 (fy = 100 ksi) bars.  The two concrete lifts were 
cast 14 days apart, and their compressive strengths on the day of testing were 7120 psi 
and 5800 psi.  Three double-legged ties crossed each shear plane and were either No. 3 or 
No. 4 bars, which correspond to reinforcement ratios ρ of 0.0041 and 0.0074, 
respectively.  Interestingly, the ultimate capacity was unaffected by the grade of 
reinforcing.  Yet, the post-peak behavior was different among the two reinforcement 
strengths.  The specimens with the ASTM A615 bars experienced a rapid decline in post-
ultimate load-carrying capacity, while the specimens with ASTM A1035 bars were able 
to sustain the ultimate shear load after the peak was achieved.  The authors suggested that 
this difference in behavior may be due to the different bond characteristics of the bars.  
 The authors explained the three stages of shear-friction behavior, and they 
separate the concrete contribution to shear strength from the steel reinforcement 
contribution (Figure 2.12 a,b).  They discovered that the steel yielding occurred well after 
the ultimate shear strength was achieved in the specimen with ASTM A615 bars.  As 




ASTM A1035 bars, and the AASHTO specified shear capacity for this specimen 
according the calculation using Equation 2.32 is never reached.   
 
 





Figure 2.12. Concrete and steel components of shear resistance for (a) ASTM A615 steel 





They concluded that the current shear-friction design equations are too simplistic 
and do not reflect the true nature of material behavior.  They stated that the ACI 318-08 
and AASHTO (2007) design equations are misleading because they imply that the peak 
resistance to shear-friction by the concrete and steel components occurs simultaneously.  
Harries et al. proposed a modified form of the shear-friction equation (Equation 2.33) in 
which the first term represents the concrete contribution to the shear strength during the 
pre-cracked stage.  The second term corresponds to the friction force developed by the 
steel reinforcement after cracking occurs.  In Equation 2.33, Vni represents the nominal 




monolithic uncracked interface, α = 0.040 for a cold-joint interface, and α = 0.0 for a 
monolithic pre-cracked interface; f’c is the concrete compressive strength; Acv is the area 
of concrete shear interface; and Es is the modulus of elasticity of the steel reinforcement. 
 
 
 𝑉𝑛𝑖 =  𝛼𝐴𝑐𝑣𝑓𝑐




2.4.17. Shaw, 2013.  The goal of this study was to investigate the shear-friction  
properties of lightweight concrete with non-monolithic interface conditions.  This 
research involved 36 cold-joint specimens of normalweight, sand-lightweight, or all-
lightweight concrete.  Expanded shale aggregate was used for the lightweight concretes.  
The interface condition was either smooth or roughened to 0.25 in. amplitude, and the 
target concrete compressive strengths were 5,000 psi and 8,000 psi.  A constant 
reinforcement ratio ρ of 0.013 was used in this study.   
 Shaw concluded that the use of lightweight concrete did not produce shear 
strengths that were significantly different than the control normalweight concrete 
specimens.  However, for a smooth interface, the shear strength did seem to be tied to 
concrete compressive strength.  This was not true for specimens of a roughened interface.  
Overall, results showed that the shear transfer strength increased with higher f’c values; 
yet, residual shear strength was not affected by concrete type (unit weight), concrete 
compressive strength, or interface condition.  When comparing to PCI Design Handbook 
(2011) and ACI 318-11, using the μ approach, shear strengths were conservative for the 
lightweight specimens.  Using the provisions of the 6th Edition of the PCI Design 
Handbook (2004), conservative values of μe were calculated for the sand-lightweight and 
all-lightweight specimens.  Yet, this method was not conservative for normalweight 
specimens with a smooth interface and f’c = 5,000 psi.  It was also observed that the 
lightweight concrete modification factor λ was conservative for the lightweight shale 





3. EXPERIMENTAL PROGRAM 
 
3.1. INTRODUCTION 
The objective of this experimental work is to test the shear-friction properties of 
sand-lightweight concrete made from clay or slate aggregate.  These results are compared 
to current code provisions and design equations.  This section describes the design and 
fabrication of the push-off specimens, as well as the properties of the lightweight clay 
and slate aggregates used.  The concrete mixtures are also summarized along with the 
shear testing set-up.  The test results of all specimens are also shown in a series of figures 
in terms of applied shear force, slip, dilation, and interface steel strain.  The interface 
steel strain is defined as the strain readings from strain gages attached to the steel 
reinforcement bars located at the shear interface. 
3.2. SPECIMEN DESIGN 
Thirty-two push-off specimens were tested in this study, and all were constructed 
with sand-lightweight concrete.  One parameter which varied was the reinforcement ratio 
ρ.  For a shear plane area of 49.5 in2, and either 2, 3, 4, or 5 No. 3 double-legged stirrups 
crossing the shear plane, associated reinforcement ratios were 0.009, 0.013, 0.017, and 
0.022, respectively (Table 3.1).  All specimens were named with a unique ‘Specimen ID’ 




Table 3.1. Stirrup Configurations and Corresponding Reinforcement Ratios 
Number of Stirrups 





2 0.009 8 
3 0.013 8 
4 0.017 8 





Coarse Aggregate Type: 
CL – Clay 
SL – Slate 
Interface Condition: 
R – Roughened 
S – Smooth  
Concrete Type: 
S – Sand-lightweight 
Reinforcement Ratio: 
9 – 0.009 
13 – 0.013 
17 – 0.017 




Number of Specimen 
in Series: 
1 or 2 
Casting Procedure: 



















A concrete is considered ‘sand-lightweight’ when normalweight sand is used for 
the fine aggregate, and lightweight coarse aggregate is used.  Two types of lightweight 
aggregate were used in this study: expanded clay and expanded slate.  These are further 
discussed in Section 3.3.  All specimens of this study had a cold-joint interface that was 
either troweled smooth or roughened to a 0.25 in. amplitude.  This process is further 
described in Section 3.4.  The target unit weight for the sand-lightweight concrete was 
115 lb/ft3 to 120 lb/ft3, and the target concrete compressive strength f’c of all specimens 
was 5,000 psi.  Actual concrete compressive strengths varied between 4550 psi and 5570 
psi.  This was considered acceptable since actual compressive strengths were about 500 
psi from the target compressive strength.  Compressive strengths for each series are 














































































The lightweight expanded clay and lightweight expanded slate aggregates used in 
this study are described in Section 3.3.1, and the concrete properties are in Section 3.3.2.  
Section 3.3.3 discusses the steel reinforcement used in the push-off specimens. 
3.3.1. Aggregates.  Two types of lightweight coarse aggregate, expanded clay  
and expanded slate, were used in conjunction with normalweight river sand to produce 
sand-lightweight concrete.  The bulk specific gravity, density, and absorption for the clay 

















Clay 3/8 in. x No. 8 1.302 33 19.7 
Slate 3/8 in. x No. 8 1.600 52 6.0 
1ASTM C127 / ASTM C128, Bulk Specific Gravity (SSD) 
2ASTM C29, Loose unit weight at 6% saturation 












It is interesting to note that the extremely low density of the clay aggregate 
allowed it to float in water.  The clay aggregate used in this study was donated by Big 
River Industries, Inc. and was produced at their Livingston, Alabama plant.  STALITE 
donated the slate aggregate which came from Gold Hill, North Carolina. 
3.3.1.1 Lightweight aggregate saturation.  To ensure adequate internal curing  
of structural lightweight concrete, it is important that the lightweight aggregate has been 
soaked before the concrete is mixed.  The internal structure of lightweight aggregate is 
different than normalweight aggregate in that lightweight aggregate has many more 
internal voids.  These voids are formed when the product is processed in a rotary kiln.  
The excessive heat of the kiln (>2000 °F) causes certain compounds within the material 
to form gas bubbles.  These expand the material, and the voids remain after the aggregate 
is cooled.  These voids give the lightweight aggregate a lower density than normalweight 
aggregate and afford the concrete to be lighter.  Yet, the presence of these voids in 
lightweight aggregate also means that they have a high capacity for water absorption.  If 
dry lightweight aggregate is used in a concrete mixture, the aggregate would soak up 
large amounts of water and essentially ‘steal’ the water needed by the cement for the 
curing process.  To avoid this problem, lightweight aggregate should be soaked in water 
prior to mixing the concrete.  In this study, the required amount of lightweight coarse 
aggregate was soaked for 48 hours in the saturation tank shown in Figure 3.3.  During 
draining of the tank, a No. 200 sieve was placed below the spout to catch any escaping 
fines so that they could be returned to the aggregate sample.   
In order to determine the amount of water on the surface of the aggregate after 
draining the tank, a sample of aggregate was dried in a microwave oven to determine the 
moisture content according to ASTM D4643.  To determine the aggregate’s absorption, 
this process was also repeated for a separate sample of aggregate that had been brought to 
saturated surface dry (SSD) condition as specified in ASTM C127.  The absorption was 
subtracted from the moisture content of the aggregate to determine the amount of water 
clinging to the surface of the aggregate.  Then, this amount of water was subtracted from 
the design water for the concrete mixture.  This process helped to provide an accurate 










3.3.1.2 Aggregate gradations.  The gradations of the lightweight clay and slate  
aggregates provided by each manufacturer are found in Table 3.4 and Table 3.5, 
respectively, along with the grading requirements for 3/8 in. to No. 8 coarse aggregate as 
specified in ASTM C330, Standard Specification for Lightweight Aggregates for 
Structural Concrete.  This designation of 3/8 in. to No. 8 was chosen because it aligned 
with the coarse aggregate gradation used in the study by Shaw (2013) which studied the 
shear-friction properties of concrete with lightweight shale aggregate.  In Table 3.4, it is 
shown that the clay aggregate supplied by Big River Industries conforms to ASTM C330 
in all sieve sizes except for sieve No. 4, where the percent passing slightly exceeds the 
specification limit.  Likewise, in Table 3.5, the slate aggregate provided by STALITE 
also falls just outside the ASTM C330 specification limits, this time slightly lower than 
required.  Since the clay and slate aggregate gradations were only slightly out of 






























1/2 in. 100 100 
3/8 in. 99.9 80-100 
No. 4 41.8 5-40 
No. 8 7.9 0-20 
No. 16 2.0 0-10 
No. 50 1.1 --- 
No. 100 0.9 --- 
No. 200 0.7 0-10 
1ASTM C330 structural concrete aggregate gradation for 3/8 in. to No. 8 





























1/2 in. 100 100 
3/8 in. 98.5 80-100 
No. 4 3.6 5-40 
No. 8 1.3 0-20 
No. 16 1.3 0-10 
No. 50 0.8 --- 
No. 100 0.5 --- 
No. 200 0.0 0-10 
1ASTM C330 structural concrete aggregate gradation for 3/8 in. to No. 8 





3.3.2. Concrete Mixtures.  Trial batching was performed to design the clay sand- 
lightweight and slate sand-lightweight concrete mixtures.  They were developed based on 
mixture designs used by Shaw (2013) and suggested mixture proportions given by 
STALITE, the slate aggregate supplier.  These mix designs were modified in successive 
trial batches to create a 28-day compressive strength of f’c = 5000 psi (± 500 psi).  A 
rotary drum mixer with a 6 ft3 capacity (Figure 3.4) was used for both trial batching and 
final specimen construction.  All concrete batches consisted of Type I/II concrete, 
lightweight coarse aggregate, normalweight fine aggregate (natural river sand), and 
water.  No mixture additives such as high range water reducers were used in this testing 
program.  The final concrete mixture proportions which were used to construct the 
specimens are shown in Table 3.6.  Values for unit weight determined in accordance with 
ASTM C138 for the sand-lightweight concrete batches were 105 lb/ft3 for the clay, and 
117 lb/ft3 for the slate (Table 3.7).  Values for air content and slump of the fresh concrete 
are also listed in Table 3.7, with the corresponding testing equipment shown in Figure 
3.5.  The volumetric method was used for the determination of air content (ASTM C173), 
and slump was determined using a slump cone (ASTM C143).  All concrete batching and 
specimen construction was performed in the Concrete Materials Laboratory in Butler-









Table 3.6. Concrete Mixture Proportions 
Concrete Type 





Water Cement1 w/c  
Clay Sand-Lightweight 692 1251 263 612 0.43 














Clay Sand-Lightweight 105 2.5 1.25 










All casting was done according to ASTM C31 specifications. Material test 
cylinders as well as test specimens were removed from molds or formwork within 24 
hours, then stored in a moist-cure room for 28 days at which point they were tested.  The 
200-kip Tinius Olsen load frame in the Load Frame Laboratory, also in Butler-Carlton 
Hall, was used for all cylinder testing and also the testing of the push-off specimens.  
Concrete cylinders (4 in. by 8 in.) were tested according to ASTM C1231 for 
compressive strength (Figure 3.6).  Steel retaining rings and neoprene pads were used to 
confine the ends of the cylinders.  Load was applied at a rate of 500 lbs/sec until failure.  
Splitting tensile tests were also performed on the concrete cylinders in accordance with 
ASTM C496, and modulus of elasticity was determined in accordance with ASTM C469.  
The test set-up for determining these two properties is shown in Figure 3.7 and Figure 




















Both the clay sand-lightweight and the slate sand-lightweight concretes were 
designed with a target compressive strength f’c = 5,000 psi.  Actual compressive strengths 
on test day ranged from 4,550 psi to 5,570 psi (Table 3.8).  Since three compressive 
strength tests were performed for each batch of concrete, the standard deviation of the 
three values is also shown in parenthesis below each f’c value in that particular column.  
Other hardened concrete properties shown in Table 3.8 include the splitting tensile 
strength f’t and modulus of elasticity E of each batch of test specimens.  All specimens 
were constructed in sets of four, so that for each reinforcement ratio within each 















f’c at Test 




































































3.3.3. Reinforcing Steel Bars.  No. 3 and No. 5 deformed steel reinforcing bars  
were used to construct the reinforcement cages for the specimens in this study.  All bars 
were ASTM A615 Grade 60, supplied by Ambassador Steel Corporation.  According to 
the mill certificates, the No. 3 bars had a yield strength fy = 74,880 psi and an ultimate 
tensile strength fu = 108,640 psi; while the No. 5 bars had fy = 65,820 psi and fu = 102,870 
psi.  Tension tests on samples of the bars were performed as a part of this study to verify 
their yield strength according to the procedure outlined in ASTM A370.  Strain gages 
were applied directly to a sanded portion at the longitudinal center of the bar.  A sample 





Figure 3.9. Typical stress vs. strain for reinforcing steel bar tensile coupon tests; 




An extensometer with an 8 in. gage length was used to verify the strain gage 
results up to the point of yielding of the specimen.  Results of the tensile tests are 
























testing of the first No. 3 bar, and values of the yield stress and modulus of elasticity were 
unable to be obtained for this specimen.  The average yield stress for the No. 5 and No. 3 
bars were 70,700 psi and 72,190 psi, respectively.  These are both greater than the 
nominal grade of the steel (60 ksi).  The average ultimate stress of the No. 5 and No. 3 
bars were 102,390 psi and 101,055 psi, respectively.  The average modulus of elasticity 




Table 3.9. Reinforcing Steel Bar Properties 
Specimen ID1 Bar Size 
Yield 
Stress   
(psi) 
Ultimate 





60-5-1 No. 5 70,700 102,750 27,437,000 
60-5-2 No. 5 70,470 102,555 28,021,000 
60-5-3 No. 5 70,915 101,870 28,871,000 
AVERAGE 70,695 102,390 28,110,000 
60-3-1 No. 3 N/A 100,870 N/A 
60-3-2 No. 3 72,200 101,110 32,040,000 
60-3-3 No. 3 72,165 100,995 28,466,000 
AVERAGE 72,185 101,055 30,253,000 
1Specimen ID notation; first indicates reinforcement grade, second indicates bar 




3.4. SPECIMEN FABRICATION 
All specimens in this study were fabricated in the High Bay Laboratory of Butler-
Carlton Hall at Missouri University of Science and Technology.  The 32 specimens 
included in the scope of this thesis were constructed in the winter and spring of 2015.  




is covered in Section 3.4.2.  Concrete placement and shear interface preparation is 
described in Section 3.4.3.  Lastly, Section 3.4.4 discusses the concrete curing process. 
3.4.1. Reinforcing Steel Bar Cage Preparation.  Each reinforcing cage was  
constructed of ASTM A615 Grade 60 steel, as described in Section 3.3.3.  In order to 
achieve four different reinforcement ratios among the test specimens, four different 
reinforcing cage configurations were used (Figure 3.10).  These were based on Shaw’s 
design for a cage with ρ = 0.013 which is shown in Figure 3.11.  The bars were bent in 
the High Bay Laboratory and consisted of No. 3 closed tied stirrups as well as L-shapes 
bent from No. 5 bars.  The No. 3 stirrups which served as the shear reinforcement were 
distributed evenly across the shear plane.  As shown in Figure 3.11, the shear plane 
measured 11 in. x 4.5 in. to equal a total shear plane area of 49.5 in2.  Either two, three, 
four, or five stirrups were used as shear reinforcement to create reinforcement ratios of 
0.009, 0.013, 0.017, or 0.022, respectively.  No. 3 bars were also used in the flanges to 

















 Each reinforcing cage had three strain gages applied to the No. 3 stirrups at the 
location where they cross the shear plane (at approximately the center of the stirrup in 
terms of its height).  Thus, each of these locations on the cages needed to be prepared 
before strain gage application.  This was done by using an electric belt sander to grind 
down the ribs of the steel bar and then polish the surface to a smooth, mirror-like 
condition.  Sander belts of No. 80, No. 340, and No. 400 grit were used in succession to 
create the condition shown in Figure 3.12.  Care was taken to ensure that the bars were 
sanded a minimal amount in order to retain as much of the cross-sectional area as 
possible.  It is important to leave a majority of the bar’s cross-section intact, so that the 
bar’s behavior is not affected by a reduced cross-sectional area.  After the bars were 
sanded, the polished surface was cleaned with an acid solution, then a neutralizing base 
solution.  This cleaning process was done to ensure an adequate bond between the bar 
and the strain gage.  Refer to Section 3.5.4.2 for further information on strain gage 











3.4.2. Formwork and Assembly.  Specimens in this study were cast in sets of  
four using the formwork shown in Figure 3.13.  The total outside dimensions of the 
finished specimens measured 12 in. x 24 in. x 5.5 in.  Custom formwork was built from 2 
in. by 6 in. lumber, 0.75 in. plywood, and 0.5 in. wood chamfers.  The completed 
formwork was coated with water-sealer to enhance the durability of the formwork 
through multiple castings.  The cavities included in the specimen design were created by 
using 0.25 in. thick welded steel triangle inserts.  The lower steel insert was bolted 
through the bottom of the formwork, and the top steel insert was held in place by a steel 
rod which was anchored through holes in the sides of the wood formwork.  It was 
important to secure these two pieces to the formwork to ensure they did not shift during 
placement and vibration of the concrete.  The formwork was able to be partially 




surface preparation between castings.  Nuts, washers, and bolts were the selected 
fasteners for the formwork so that it could be easily disassembled during the removal of 
the specimens. 
In an effort to control the failure mode of the specimens, the cross-sectional area 
was reduced at the shear plane to create a weak point.  This was achieved by stapling 
wood chamfers to the formwork at the intended shear plane.  A concrete cover of 0.5 in. 
was designed for this portion of the specimen, and a cover of 0.75 was used for all other 
edges.  Two cavities were designed in the specimen to allow both sides of the shear plane 
the freedom to slip past each other.  This specimen design is identical to that used by 
Shaw (2013), with the exception of the modification in the number of stirrups crossing 










3.4.3. Concrete Placement and Shear Interface Preparation.  Prior to  
placement of the concrete, the forms were oiled to ensure easy removal of the specimens 
after initial curing.  The forms were partially assembled as in Figure 3.14, with the 
reinforcement cages placed inside.  Chairs were attached to the bottom of the 




formwork with steel wire to help keep the cage centered during placement of the 
concrete.  As previously stated, all specimens of this study had a cold-joint interface 
condition.  To achieve this, the first half of the specimen (one ‘L-shape’) was allowed to 
cure for a minimum of 8 hours before the second half of the specimen was added.  This is 
consistent with the procedure followed by Shaw (2013).  To assist in consolidating the 
concrete within the formwork and cylinders, a shake-table was used to vibrate the 









Immediately after filling the first half of the formwork, the interface of each 




specimen is shown in Figure 3.15.  About three hours later, the shear plane interfaces for 
the roughened specimens were prepared with a special instrument shown in Figure 3.16.  
The edge of this instrument was marked up to ¼ in. with a dark marker to act as a guide 
for the depth of roughness.  The average amplitude of interface roughness was ¼ in. 
which was verified by a digital caliper.  This measurement device as well as the groove 
patterning is shown in Figure 3.17.  The amplitude of ¼ in. is specified in both ACI 318-
14 and the PCI Design Handbook, 7th Edition (2014) for specimens with an ‘intentionally 
roughened’ interface.  The grooves were carved about 1 in. apart from each other in a 























3.4.4. Concrete Curing.  All specimens and cylinders were cured on the floor of  
the laboratory under a sheet of plastic for 24 hours before the forms were removed.  After 
demolding, the shear specimens and cylinders were labeled and stored in the Moist-Cure 
Room in the Concrete Laboratory of Butler-Carlton Hall at Missouri University of 
Science and Technology.  This room maintains a constant environment of 70°F and 
100% humidity which aids in the curing process of the concrete.  The specimens and 
cylinders remained in the moist-cure room for the full 28-day period prior to testing.  










Age at Test Date 
(days) 
S-CL-CJ-9 4/1/15 4/29/15 28 
S-CL-CJ-13 4/8/15 5/6/15 28 
S-CL-CJ-17 4/15/15 5/13/15 28 
S-CL-CJ-22 4/24/15 5/22/15 28 
S-SL-CJ-9 3/2/15 3/30/15 28 
S-SL-CJ-13 1/30/15 2/27/15 28 
S-SL-CJ-17 3/9/15 4/6/15 28 




3.5. TEST SETUP 
The test set-up used by Shaw (2013) was closely followed in order to mitigate 
variability among the test results from this study for clay and slate sand-lightweight 
concretes and Shaw’s results for shale sand-lightweight concrete.  Support conditions are 
described in Section 3.5.1; loading protocol is included in Section 3.5.2; flange 
confinement is described in Section 3.5.3; and data acquisition and instrumentation are 




3.5.1. Support Conditions.  The use of a pin-roller support condition in trial  
specimens tested by Shaw (2013) caused several issues during testing of specimens with 
a roughened cold-joint interface.  First, the higher shear capacity of these specimens 
caused the flanges to fail before shear failure occurred.  It was noted that after flexural 
cracking occurred, the specimens translated laterally, which caused uneven loading at the 
points of bearing on the top and bottom of the specimen.  Also, as the specimen rotated, 
the loading became eccentric to the shear plane.  Since there was minimal lateral 
translation prior to the initiation of flexural cracking, the roller system was deemed 
unnecessary for the experiment.  Thus, the lateral roller system was removed for the 
testing of Shaw’s specimens, even though a similar roller set-up was used for previous 
studies by Hofbeck et al. (1969) and others.   
In this study, the lateral roller system was not utilized.  The bottom surface of 
each specimen was in direct bearing on the bottom platen of the test machine while the 
top surface of the specimen was considered to be pin supported due to the rotating 
hemispherical head of the testing machine.  The base and top surfaces of the specimen 
were covered with a 0.25 in. thick sheet of neoprene to aid in the distribution of load. 
3.5.2. Loading Protocol.  A Tinius Olsen Load Frame in the Load Frame  
Laboratory of Missouri University of Science and Technology with a 200-kip capacity 
was used to test the shear specimens in this study.  A preload of approximately 200 lbs 
was applied to each specimen; then, load was applied so that displacement of the upper 
head relative to the load frame table occurred at a constant rate of 0.015 in. per minute.  
Testing was stopped when either a slip of 0.3 in. was reached, or the applied load had 
fallen to 60% of the peak applied load, whichever occurred first.   
3.5.3. Flange Prestressing/Confinement Systems.  Prestressing/confinement  
systems developed by Shaw (2013) were used in this study and applied to all specimens.  
Their purpose was to both confine the flanges and apply a compressive stress on them in 
order to prevent flexural failure of the flanges before the specimen had failed in shear 
along the shear plane.  Two sets of prestressing/confinement systems were used: primary 
and secondary.  As shown in Figure 3.18, the primary prestressing system consisted of 
the 1 in. thick plates parallel to the shear plane (to the right and left in the photo).  These 




horizontal all-thread rods (at the front and back of the specimen) on which the nut was 
tightened to 50 lb-ft by a torque wrench.  Applying pressure to the flange provided active 
confinement which counteracted the tension forces that developed in the flange and 
would otherwise cause it to fail in flexure.  Neoprene pads approximately 0.75 in. thick 
were positioned between the specimen and the primary prestressing plates to evenly 













 The secondary confinement system consisted of a set of plates on the front and 
back of the specimen (Figure 3.18) which were perpendicular to the primary prestressing.  
Instead of being tightened to a specified torque, these plates (at the top and bottom of the 
specimen) confined the flanges when the bolts at the front face were fastened to snug-
tight position.  This in turn tightened the back plates as well, since an angle shape welded 
to the primary prestressing plate holds the back plate against the specimen.  Thin 
neoprene pads were aligned beneath the secondary confinement plates before mounting 
them.  This secondary system did not provide active confinement; rather, it prevented 
spalling of the concrete cover on the flanges. 
3.5.4. Data Acquisition and Instrumentation.  Several types of data were  
recorded in this experimental program.  The test set-up and data acquisition system are 









For each specimen, three uniaxial strain gages adhered to separate reinforcing 
bars were used to record the strain in the interface steel.  Six direct current-linear variable 
differential transducers (DC-LVDTs) were applied to the front and rear faces of the 
specimen to measure displacement.  These nine load channels were recorded at a rate of 1 
sample per second by the gray box data acquisition device (to the far right of Figure 
3.19).  Load and global displacement were also reported by the Tinius Olsen load frame 
(shown to the far left of Figure 3.19).  The application and purpose of the DC-LVDTs 
and the strain gages are further described in Section 3.5.4.1 and 3.5.4.2, respectively. 
3.5.4.1 Direct current-LVDTs.  Six direct current-linear variable differential  
transducers (DC-LVDTs) were attached to each specimen, three on the front face and the 









The horizontal DC-LVDTs (four total) were used to measure dilation (crack 
separation) of the shear interface.  The other two DC-LVDTs were placed vertically to 
measure the slip along the interface.  The LVDTs have a precision of 1 μ-in.  Since these 
sensitive devices only have a capacity for measuring displacement +/- 0.5 in., it was 
important to zero their readings before beginning each test.  The brackets used to hold the 
DC-LVDTs in place were made from aluminum angles and were applied to the face of 
the specimen using slow-setting hot glue.  Care was taken to make sure they were square 
with the shear plane.  A bubble level was used to mark a horizontal line on the specimen 
before gluing the brackets.  After testing was complete, the brackets were easily pulled 
off the specimens for reuse. 
3.5.4.2 Strain gages.  Vishay Micro-Measurements CEA-06-125UN-120 uniaxial  
electronic resistance strain gages were used to measure the strain in the steel stirrups 
crossing the shear plane (three gages per specimen).  They were also used to measure 
strain for the tensile tests of the reinforcing bars as described in Section 3.3.3.  The strain 
gages were installed on the outside face of bar at mid-height of the stirrup to mitigate 
bending effects.  Once the reinforcing cages had been sanded as discussed in Section 
3.4.1, care was taken to clean the polished surface per the instructions provided by 
Vishay.  The stain gages were adhered to the surface of the bar at the intended location of 
the shear plane of the specimen.  Wires were soldered to the tabs of the strain gage, and a 
protective black coating (Barrier E) was applied over the strain gages (Figure 3.21).  This 
coating provided protection against moisture infiltration and impact during concrete 
placement and interface preparation.  Gages were tested after application and replaced if 
they were not functioning.  Several were damaged during placement of the concrete, but 
at least two were functioning per specimen during testing.   
Power input for several of the tests had been mistakenly set to alternating current 
(AC) instead of direct current (DC) which caused large amounts of noise in the strain 
data for those specimens.  Yet, the overall trend in the strain data was visible, and the 
noise was able to be removed by writing a function in Microsoft Excel.  It should be 
noted that this revised (corrected) data was used in place of the original data for all 










3.6. TEST RESULTS 
The test results for this experimental program are presented in this section, with 
important values shown in Table 3.11.  The Specimen ID follows the naming convention 
which is shown in Section 3.2.  The compressive strength f’c at test day has been rounded 
to the nearest 10 psi.  Other important data include: the peak applied load (ultimate shear 
force) Vu, slip at peak load, dilation at peak load, and residual load (residual shear force) 
Vur.  In Table 3.11, vu and vur are the ultimate shear stress and residual shear stress, 
respectively.  They were calculated by dividing the respective shear force by the area of 
the shear plane (49.5 in2).  A typical specimen failed by shear along the intended shear 











Residual load represents a transition point where the effects of dowel action 
contribute significantly to the shear resistance (Shaw 2013).  Shaw chose to define 
residual load as the value of load at a slip of 0.15 in.  Other researchers have arbitrarily 
chosen to record residual load at other values of slip.  For example, Kahn and Mitchell 
(2002) chose a slip of 0.2 in.  The residual load represents the constant value of load 
which is achieved during testing while slip continues to increase.  In the load vs. slip 
curves of Figures 3.30, 3.35, 3.41, 3.46, 3.51, 3.56, 3.62, and 3.70 it is shown that the 
residual shear force for most specimens is fairly constant for values of slip from 0.1 in. to 
0.2 in.  Thus, the residual shear force could be recorded anywhere in this range.  For the 
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0.012 0.007 ND ND 
ND ND 
S-CL-CJ-R-9-2 42910 867 0.008 0.005 ND ND 
S-CL-CJ-S-9-1 31920 645 
706 
0.012 0.005 23610 477 
519 1.36 





0.007 0.006 31310 633 
651 1.51 
S-CL-CJ-R-13-2 46890 947 0.015 0.005 33180 670 
S-CL-CJ-S-13-1 41010 828 
823 
0.015 0.006 31030 627 
600 1.37 





0.004 0.004 37420 756 
751 1.45 
S-CL-CJ-R-17-2 56660 1145 0.009 0.005 36920 746 
S-CL-CJ-S-17-1 43140 872 
930 
0.012 0.005 ND ND 
667 1.39 





0.008 0.003 ND ND 
670 1.66 
S-CL-CJ-R-22-2 53230 1075 0.017 0.006 33250 672 
S-CL-CJ-S-22-1 52400 1059 
1061 
0.01 0.004 40300 814 
815 1.30 





0.009 0.007 30560 617 
617 1.63 
S-SL-CJ-R-9-2 50480 1020 0.007 0.006 ND ND 
S-SL-CJ-S-9-1 26950 544 
601 
0.021 0.007 23040 465 
529 1.14 





0.013 0.008 ND ND 
735 1.69 
S-SL-CJ-R-13-2 59370 1199 0.013 0.009 36360 735 
S-SL-CJ-S-13-1 39490 798 
892 
0.017 0.007 30510 616 
700 1.27 





0.012 0.008 ND ND 
ND ND 
S-SL-CJ-R-17-2 65150 1316 0.009 0.007 ND ND 
S-SL-CJ-S-17-1 47640 962 
957 
0.018 0.007 ND ND 
694 1.38 





0.011 0.006 39640 801 
801 1.54 
S-SL-CJ-R-22-2 57590 1163 0.006 0.007 ND ND 
S-SL-CJ-S-22-1 49810 1006 
1074 
0.018 0.006 32600 659 
694 1.55 
S-SL-CJ-S-22-2 56530 1142 0.016 0.006 36130 730 
1Shear stresses vu and vur are defined as the applied shear load divided by the 
area of the shear plane, 49.5 in2. 
2Residual load, Vur, is defined as the load at 0.15 in. of slip.  Some values for Vur 
and vur are denoted as ND (no data) because the slip did not reach a value of 0.15 




Each series of data is plotted in figures which show the following relationships: 
applied shear force vs. slip, applied shear force vs. interface dilation, applied shear force 
vs. interface steel strain, slip vs. interface dilation, and slip vs. interface steel strain.  
Reported slip is the average of values from the front and back faces of the specimen.  
Interface dilation has been averaged among four locations across the specimen’s shear 
plane: the top and bottom of the front face as well as the top and bottom of the back face.  
For several specimens, the adhesive failed on the brackets which held the LVDTs (Figure 
3.23).  In these cases, the slip or dilation readings from those particular LVDTs were 












Interface steel strain data from one functioning gage per specimen was plotted to 
provide a representation of the strain behavior.  Strain measurements can be highly 
variable and highly localized, even if the gages are working properly, and cracks at 
discrete locations cause localized fluctuations in strain.  Therefore, even when all three 
strain gages on a specimen were functioning properly, only one gage per specimen was 
shown in the figures in Section 3.6.  Several gages became damaged or detached from the 
steel bars during testing as shown in Figure 3.24; therefore, the last part of some sets of 
strain data was removed for clarity.  Analysis and discussion of the data contained in this 









3.6.1. Splitting Failure.  As shown in the ‘Failure Mode’ column of Figure 3.11,  
six specimens of this testing program experienced loss of bond of the steel reinforcing 






concrete.  These specimens either underwent splitting failure before the specimens 
experienced a failure along the shear plane, or a shear crack never appeared.  Thus, the 
principal failure mode for specimens S-CL-CJ-R-17-1, S-CL-CJ-R-17-2, S-CL-CJ-R-22-
1, S-CL-CJ-R-22-2, S-CL-CJ-S-22-1, and S-CL-CJ-S-22-2 was splitting failure. 
The behavior of these six sand-lightweight clay specimens can be described in 
terms of adhesion, bearing, and friction forces along the No. 5 steel reinforcing bars (L-
shaped bars in Figure 3.11).  As shown in Figure 3.25, adhesion of the concrete to the 
steel bar was lost when the bar slipped due to the tension forces on it.  Yet, this slip was 
resisted by friction along the barrel and ribs of the reinforcing bar as well as bearing 
forces on the face of each rib on the bar.  Hoop tensile stresses formed in the surrounding 
concrete as a result of the wedging action of the steel reinforcing bar ribs on the concrete.  
If the concrete cover is not thick enough, or if there is no or minimal transverse 
reinforcement (stirrups) to confine the reinforcing bars which are under tension, then a 
crack may form as a result of the hoop stresses in the concrete (Figure 3.26, left).  These 
splitting cracks may extend between the reinforcing bars if they are closely spaced, and 
may also extend through the concrete cover if it is insufficiently thick (Figure 3.26, 
right).  If anchorage to the concrete is adequate, the stress in the reinforcement may 





Figure 3.25.  Bond-force transfer mechanisms (ACI 408R-03) 
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Figure 3.26.  Tensile stress field/cracks in concrete surrounding a reinforcing bar (left) 




To investigate the failure mode of the six specimens in question, the slip, dilation, 
and interface steel strain were plotted versus time, with the peak applied shear force 
plotted as a straight vertical line (Figure 3.27).  An example of a specimen with a shear 
failure along the intended shear plane is plotted on the left side of Figure 3.27, and an 
example of a splitting failure is shown in the right side.  As shown in Figure 3.27 (left), 
the sharp increase in both slip and dilation is associated with the peak applied shear force.  
This indicates that this specimen failed in shear along the intended shear plane.  On the 
contrary, Figure 3.27 (right), shows the sharp upward spike in both slip and dilation 
occurring well after the onset of the peak applied shear force.  This suggests that the 
failure mode was something other than failure of the shear plane.   
Observations of cracking patterns and the dilation of such cracks suggest that 
concrete splitting failure was indeed the mode of failure of these six specimens.  As 
shown in Figure 3.28 (left), large cracks propagated on the side faces of these specimens 
which were oriented parallel to the No. 5 bars of the steel reinforcing cage (vertical 
crack).  Figure 3.28 (right) shows more splitting cracks on the top face of the specimen 
and also demonstrates that several specimens exhibited flexural cracks on the front or 
back face near the base of the flange.  However, flexure of the flange was not the failure 
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the concrete was exceeded and the tension forces were then carried entirely by the steel 
reinforcing bars (the No. 5 L-shaped bars).  If the failure mode had been flexure of the 
flange, the specimens would have exhibited crushing of the concrete in the compression 
region of the flange (adjacent to the cavity), and/or the No. 5 flexural reinforcement bars 





Figure 3.27.  Real time plots of slip, dilation, and strain for a specimen which failed in 




It is important to note that all the specimens in this study were of comparable 
compressive strength (about 5000 psi).  If these failures were due to flexure, similar 
specimens made from slate aggregate would most likely have exhibited the same 
behavior since flexural strength is a function of compressive strength of the concrete.  
Also, note that there are a few horizontal cracks on this specimen which look as though 
they may be flexural cracks; yet, when Figure 3.28 (left) is compared with Figure 3.29, it 
becomes apparent that these cracks line up with the stirrups of the steel reinforcement 
cage.  Therefore, the horizontal cracks on the side face of this specimen are most likely 














cracks.  Also worth noting is that the peak applied shear force of the clay specimens was 
not significantly higher than similar slate specimens in this study.  Therefore, it is not 
likely that the clay specimens would fail in flexure under similar applied loads as 
underwent by the slate specimens.  As a comparison, Kahn and Mitchell (2002) used a 
similar size test specimen for high strength concrete, with much higher applied forces, 
without failing the flanges. The more reasonable explanation is that the low tensile 
strength of this concrete was not adequate to restrain the bars as they were being stressed, 
and concrete splitting occurred, which destroyed the cover and therefore did not allow the 
bars to bond to the concrete to carry the required forces.  Figure 3.29 also reinforces the 
splitting failure hypothesis because once all of the loose concrete is removed from the 
tested specimen, it is confirmed that the cracking extended to the surface of the flexural 





Figure 3.28. Typical cracking due to splitting failure: side face (left) and top/back face 








Figure 3.29. Specimen S-CL-CJ-R-17-2 with loose concrete removed, confirming that 




In this study, out of the six specimens which had a splitting failure, two of them 
had interface steel strain readings which exceeded the yield strain (S-CL-CJ-R-17-2 and 
S-CL-CJ-R-22-2).  This suggests that after splitting failure occurred, the shear interface 
failed as the testing machine continued its displacement.  In the other four specimens 
with a splitting failure, the interface steel strain reading never reached the yield strain 
value.  This suggests that either there was no failure of the interface shear plane, or the 
strain gage quit working or was damaged before it reached the yield strain value.  Yet, the 
instrumentation readings implied increasing slip and dilation.  After examination of the 




response of the shear interface, but rather a ‘panel’ of concrete cover on the specimen’s 
front face, between the flanges and to the left or right of the shear plane delaminating (not 
shear failure of the shear interface).  It appeared to be similar to failure of the shear plane, 
but when that ‘panel’ was removed after testing, no shear plane crack was visible 
underneath.  So, the slip and dilation readings are misleading in that it seems a shear 
plane crack propagated through the whole thickness of the specimen, when it did not. 
Potential contributors to the low bond strength (and eventual splitting failure of 
these specimens) include: the possible presence of small internal shrinkage cracks, small 
concrete cover, close reinforcing bar spacing, inadequate transverse reinforcement 
(stirrups), the use of a weak coarse aggregate, inadequate consolidation, etc.  However, 
the most critical contributors for this type of failure are the tensile strength and fracture 
energy of the sand-lightweight clay-aggregate concrete.  Fracture energy is defined by 
ACI 408R-03 as the capacity of concrete to dissipate energy as a crack opens. 
For this study, the splitting tensile strength of the clay and slate specimens on test 
day averaged 399 psi and 570 psi, respectively.  These values support the assumption that 
the splitting failures of the six clay specimens were due to the lower tensile strength of 
the clay sand-lightweight concrete as compared to similar slate specimens.  Interestingly, 
the shale sand-lightweight specimens with a nominal compressive strength of 5,000 psi 
(4,600 psi actual on test day) tested by Shaw (2013) had a reported splitting tensile 
strength of 320 psi, which is actually a lower value than the clay.  The Shaw specimens 
had the same design, but did not exhibit any signs of splitting failure.  Yet, it is important 
to note that the shale sand-lightweight specimens tested by Shaw (2013) had a 
reinforcement ratio of ρ = 0.013, whereas the clay sand-lightweight specimens from this 
study, which failed due to splitting, had higher reinforcement ratios (ρ = 0.017 and ρ = 
0.022).   
Several other testing programs have studied the bond strength of lightweight 
concrete versus normalweight concrete of similar compressive strength.  A few studies 
indicated that the bond strengths were similar for both types of concrete.  Yet, Baldwin 
(1965) concluded that the use of lightweight aggregate concrete can reduce bond strength 
to only 65% of that of normalweight concrete (through the use of pullout tests).  Another 




bond strength was only 10 to 15% higher for normalweight concrete versus lightweight 
concrete.  These two studies support the hypothesis that the six ‘splitting failure’ 
specimens from this testing program failed due to loss of bond of the reinforcing bars to 
the surrounding concrete, because of the low tensile strength of the clay sand-lightweight 
concrete. 
3.6.2. Sand-lightweight Clay Specimens.  This section presents information  
regarding the sand-lightweight clay specimens tested in this program.  As discussed 
previously in Sections 3.6.1, the sand-lightweight clay specimens with ρ = 0.017 and a 
roughened interface (two specimens), as well as all four of the sand-lightweight clay 
specimens with ρ = 0.022 failed due to splitting of the concrete. 
3.6.2.1 Specimens with reinforcement ratio of 0.009.  Testing of the sand- 
lightweight clay specimens with a reinforcement ratio of 0.009 occurred on 04/29/15.  
The results are summarized in Figure 3.30 through Figure 3.34.  All specimens failed 





Figure 3.30. Applied shear force vs. slip relations for sand-lightweight clay specimens; 




































Figure 3.31. Applied shear force vs. interface dilation relations for sand-lightweight clay 






Figure 3.32. Applied shear force vs. interface steel strain for sand-lightweight clay 
























































































































3.6.2.2 Specimens with reinforcement ratio of 0.013.  Testing of the sand- 
lightweight clay specimens with a reinforcement ratio of 0.013 occurred on 05/06/15.  





Figure 3.35. Applied shear force vs. slip relations for sand-lightweight clay specimens; 






Figure 3.36. Applied shear force vs. interface dilation relations for sand-lightweight clay 



































































Figure 3.37. Applied shear force vs. interface steel strain for sand-lightweight clay 




































































3.6.2.3 Specimens with reinforcement ratio of 0.017.  The sand-lightweight  
clay specimens with a reinforcement ratio of 0.017 were tested on 05/13/15.  The results 
are shown in Figure 3.41 through Figure 3.45.  As previously mentioned in Section 3.6.1, 
two of the specimens of this series failed due to splitting rather than shear.  These were 
specimens S-CL-CJ-R-17-1 and S-CL-CJ-R-17-2, both of which had a roughened 
interface.  With such a weak aggregate and high reinforcement ratio across the shear 
plane, the concrete experienced a tensile failure before shear failure could occur along the 
intended shear plane.  It is worth noting that the S-CL-CJ-17 series had the lowest 
compressive strength on test day of any other series in this study at f’c = 4,550 psi.  
Furthermore, this series had the third lowest splitting tensile strength of all the series of 
the study, having f’t = 410 psi.   
Values were recorded for slip and dilation, but they are not likely valid since they 
were caused by the front 'panel' of concrete spalling off as the flange flexed.  When this 
section of spalled concrete was removed after testing concluded, it was found that the 

























could not be seen underneath it (Figure 3.40).  Therefore, a true shear crack did not form 
for these two specimens and their load, slip, dilation, and strain data are not truly 
representative of the shear strength of the specimens.  However, it is implied that the true 
shear strength of these specimens is at least as high as the peak applied shear force from 
Figures 3.41 through 3.45.  It is also important to note that the interface reinforcing steel 
did not reach yield strain for specimen S-CL-CJ-R-17-1.  The maximum steel strain for 
this specimen was less than the yield strain of 2,400 με.  Note that the yield strain was 
defined as 2,400 με because this value equals the average yield strain fy of the No. 3 bars 
in the coupon tests described in Section 3.3.3 divided by the average modulus of 










Also worth noting, the shear force vs. interface steel strain graph (Figure 3.43) 
shows roughened specimen behavior much different than smooth interface.  The 
roughened specimens did not have a parabolic peak behavior like the smooth specimens 
did.  This behavior is due to the splitting failure of the roughened specimens of this 
series.  In addition, Specimen S-CL-CJ-R-17-1 did not exhibit a peak in applied shear 
force.  Another interesting observation is in Figure 3.45, the plot of slip vs. interface steel 
strain.  Specimen S-CL-CJ-S-17-1 shows that after the peak applied load (associated with 
failure) occurs, the slip continues to increase, whereas the axial strain in the bar remains 
constant.  However, the slip vs. interface dilation curve (Figure 3.44) shows the crack 
continuing to widen as slip increases.  This could be due to the bar kinking.  The bar has 
been strained, and at this point it is simply rotating.  This explains the increases in slip 
and dilation without an increase in interface steel strain.  Another logical explanation is 
that the strain gage became unattached from the bar, but not damaged to the point where 





Figure 3.41. Applied shear force vs. slip relations for sand-lightweight clay specimens; 




































Figure 3.42. Applied shear force vs. interface dilation relations for sand-lightweight clay 






Figure 3.43. Applied shear force vs. interface steel strain for sand-lightweight clay 

























































































































3.6.2.4 Specimens with reinforcement ratio of 0.022.  Testing of the sand- 
lightweight clay specimens with a reinforcement ratio ρ of 0.022 was done on 05/22/15.  
The results are shown in Figure 3.46 through Figure 3.50, and as previously discussed, all 
four specimens of this series failed due to concrete splitting rather than shear. 
 In the plot of applied shear vs. interface shear strain, Figure 3.48, it can be seen 
that all specimens of this series except S-CL-CJ-R-22-2 failed to reach steel yield strain 
in the reinforcement stirrups.  This means that the level of strain for those shear stirrups 
stayed below 2,400 με and that for this specimen geometry.  If there had been more cover 
on the bars (or no splitting failure), the bars may have been able to yield.  Yet, there is no 
way to determine this other than by redesigning the specimens and re-testing them.  A 
standard cover of ¾ in. was used for the specimens in this study.  Doubling the cover to 





Figure 3.46. Applied shear force vs. slip relations for sand-lightweight clay specimens; 






































Figure 3.47. Applied shear force vs. interface dilation relations for sand-lightweight clay 






Figure 3.48. Applied shear force vs. interface steel strain for sand-lightweight clay 

























































































































3.6.3. Sand-lightweight Slate Specimens.  This section presents the results 
of the sand-lightweight slate specimens tested in this program.  As previously discussed, 
none of the sand-lightweight slate specimens failed due to concrete splitting. 
3.6.3.1 Specimens with reinforcement ratio of 0.009.  The sand- 
lightweight slate specimens with the lowest reinforcement ratio (ρ = 0.009) were tested 
on 03/30/2015.  Their results are plotted in Figure 3.51 through Figure 3.55.  All 
specimens failed in shear along the intended shear plane.  Another interesting observation 
is in Figure 3.55, the plot of slip vs. interface steel strain.  For specimen S-SL-CJ-S-9-1 
the figure shows that after the peak applied load (associated with failure) occurs, the slip 
continues to increase, whereas the axial strain in the bar remains constant.  However, the 
slip vs. interface dilation curve (Figure 3.54) shows the crack continuing to widen as slip 





Figure 3.51. Applied shear force vs. slip relations for sand-lightweight slate specimens; 






































Figure 3.52. Applied shear force vs. interface dilation relations for sand-lightweight slate 






Figure 3.53. Applied shear force vs. interface steel strain for sand-lightweight slate 
























































































































3.6.3.2 Specimens with reinforcement ratio of 0.013.  The slate sand- 
lightweight specimens with reinforcement ratio of 0.013 are presented in this section.  





Figure 3.56. Applied shear force vs. slip relations for sand-lightweight slate specimens; 






Figure 3.57. Applied shear force vs. interface dilation relations for sand-lightweight slate 



































































Figure 3.58. Applied shear force vs. interface steel strain for sand-lightweight slate 




































































3.6.3.3 Specimens with reinforcement ratio of 0.017.  Testing of slate sand- 
lightweight specimens with reinforcement ratio of 0.017 was performed on 04/06/2015.  
Results are shown in Figure 3.62 through Figure 3.66.  The only unexpected failure was 
that of specimen S-SL-CJ-S-17-1.  The shear crack did not form at the intended shear 
plane.  Instead, it was about a half inch offset from the vertical centerline of the specimen 
as shown in Figure 3.61.  This behavior implies that the bond of one side of the cold-joint 
interface to the other was very good.  Even though the shear plane has a smaller cross-
section than the adjacent body of the specimen, as well as a construction joint which was 
troweled smooth, the crack did not form along the shear plane.  In this figure you can also 
see minor honeycombing of the concrete in the top flange.  This occurs when there is 
inadequate consolidation of the concrete during casting.   To avoid honeycombing in 
other specimens, the construction method was modified.  The concrete was vibrated for 
longer periods of time during specimen construction, especially in the flanges.  The 
concrete was added to the forms in thinner layers and vibrated before the addition of the 

























strain, after the peak load (associated with failure), the slip continues to increase for 
Specimen S-CL-CJ-R-17-2, whereas the axial strain in the bar remains relatively constant 
for that specimen.  However, the slip-dilation curve (Figure 3.65) shows the crack 
continuing to widen as slip increases.  This could be due to the bar kinking as discussed 
















Figure 3.62. Applied shear force vs. slip relations for sand-lightweight slate specimens; 






Figure 3.63. Applied shear force vs. interface dilation relations for sand-lightweight slate 



































































Figure 3.64. Applied shear force vs. interface steel strain for sand-lightweight slate 



































































3.6.3.4 Specimens with reinforcement ratio of 0.022.  The sand- 
lightweight slate specimens with the highest reinforcement ratio (0.022) were tested on 
03/11/2015.  The behaviors of these specimens are plotted in Figure 3.70 through Figure 
3.74.  Splitting cracks on the side face and flexural cracks on the back face were observed 
in the roughened specimens of this series (Figure 3.67).  This behavior was similar to that 
of the sand-lightweight clay specimens that had splitting failures, with an important 
exception: when the outer layer of cracked concrete was removed from the slate 
specimens after testing, a definite shear crack along the shear plane was visible (Figure 
3.68).  This suggests that shear along the shear plane was the principle failure mode.  
Further investigation of the real-time plots in Figure 3.69 show that these two roughened 
specimens behaved similar to other specimens which failed along the shear plane (Figure 
3.27 left, shown in Section 3.6.1) in that the sharp spikes in slip and dilation correspond 
to the peak applied shear force.  This supports the idea that the failure mode of the 





























Figure 3.67. Specimen S-SL-CJ-R-22-1 shown; splitting cracks on side face (left), and 




 Another interesting behavior is observed in Figure 3.74, which shows slip vs. 
strain.  After the peak load (associated with failure), the slip continues to increase for 
Specimen S-CL-CJ-R-22-2, whereas the axial strain in the bar remains relatively constant 
for that specimen.  However, the slip-dilation curve (Figure 3.73) shows the crack 
continuing to widen as slip increases.  This behavior is similar to Specimen S-CL-CJ-R-
17-2 of Section 3.6.3.3 and could be due to the bar kinking.  Also, it is worth noting that 
the interface steel strain did not exceed the steel yield strain for specimen S-SL-CJ-R-22-
1 (Figure 3.72).  Analysis of the raw strain data indicates that the strain gages were 
damaged prior to reaching the level of strain associated with yield and no further values 
were able to be recorded past that point.  Thus, it is not known if the bars did actually 


















Figure 3.69.  Real time plots of slip, dilation, and strain for a Specimen S-SL-CJ-R-22-1 

















Figure 3.70. Applied shear force vs. slip relations for sand-lightweight slate specimens; 






Figure 3.71. Applied shear force vs. interface dilation relations for sand-lightweight slate 



































































Figure 3.72. Applied shear force vs. interface steel strain for sand-lightweight slate 




























































































4. ANALYSIS AND DISCUSSION 
 
4.1. INTRODUCTION 
This section contains the analysis and discussion of the results presented in 
Section 3.6.  The general behavior of the specimens in terms of cracking, applied shear 
force vs. slip relations, and applied shear force vs. interface strain relations are discussed 
in Section 4.2.  The influence of aggregate type, interface condition, and reinforcement 
ratio on the test results is summarized in Section 4.3.  A comparison of shear strengths 
predicted by current design provisions to the results of this study is presented in Section 
4.4.  Section 4.5 contains an assessment of the test data in relation to the previous studies 
which are summarized in Section 2.4. 
4.2. GENERAL BEHAVIOR 
4.2.1. Cracking.  The cracking behavior of specimens with lower reinforcement  
ratios (ρ = 0.009 and ρ = 0.013) differed from that of the specimens with higher 
reinforcement ratios (ρ = 0.017 and ρ = 0.022).  As shown in Figure 4.1, most of the 
specimens with lower reinforcement ratios had clearly defined cracks along the shear 
plane with smaller flexural cracks horizontally across the front face of the specimen and 
small splitting cracks inside the cavity beneath the top flange.  The flexural and splitting 
cracks are not associated with the shear failure, and the applied shear force, slip, strain, 
and dilation responses as well as the real-time plots from Section 3.6 indicate that these 
specimens failed predominately due to shear along the intended shear plane, not flexure 
or splitting.  Specimens with higher reinforcement ratios had more splitting and flexural 
cracks that were significantly wider than those of the specimens with smaller 
reinforcement ratios, but most of these specimens still failed in shear (Figure 4.2).  As 
previously discussed in full detail in Section 3.6.1, it was determined that Specimens S-
CL-CJ-R-17-1, S-CL-CJ-R-17-2, S-CL-CJ-R-22-1, S-CL-CJ-R-22-2, S-CL-CJ-S-22-1, 
and S-CL-CJ-S-22-2 failed due to splitting of the concrete.  This cracking pattern is 







Figure 4.1. Typical cracking of specimens with lower reinforcement ratios;  






Figure 4.2. Typical cracking of specimens with higher reinforcement ratio that failed in 

















Figure 4.3. Typical cracking due to concrete splitting failure: side face (left) and top/back 




 Previous studies discuss diagonal tension cracks forming across the shear plane at 
angles between 15 to 50 degrees, and ranging from 1 to 3 in. long.  The reinforcement 
ratio used in these studies ranged from ρ = 0.003 to ρ = 0.019 (Mattock and Hawkins 
1972), or ρ = 0.000 to ρ = 0.026 (Mattock et al. 1976), or ρ = 0.004 to ρ = 0.015 (Kahn 
and Mitchell 2002).  A vertical crack eventually formed along the shear plane which 
connected these diagonal cracks.  This behavior was noted by Mattock and Hawkins 
(1972) as well as Mattock et al. (1976) for uncracked monolithic specimens.  Kahn and 
Mitchell (2002) also described this behavior occurring for both uncracked monolithic and 
cold-joint specimens.  These diagonal tension cracks were not observed for any 
specimens in this testing program. 
 The roughened and smooth specimens had similar values of dilation at the peak 
applied load (Table 4.2), but the cracks along the shear plane of the roughened specimens 








testing (Figure 4.4).  Spalling of concrete cover occurred for some specimens, 
particularly for those which failed due to concrete splitting.  In some instances, this 





Figure 4.4. Typical shear cracks of specimens with roughened (left) and smooth 




4.2.2. Applied Shear Force – Slip Relations.  Figures 3.30, 3.35, 3.41, 3.46,  
3.51, 3.56, 3.62, and 3.70 show the applied shear force vs. slip relations for the sand-
lightweight clay and sand-lightweight slate specimens tested in this study.  These figures 
follow a general trend of an elastic region, then a softening behavior up to a peak in 
applied shear force, followed by a gentle decline in applied shear force until it levels off 
to a constant value in which slip continues to increase.  The elastic region is linear, and 
its slope seems to be unaffected by shear plane interface condition.  The peak applied 
shear force, however, tends to be higher for specimens with a roughened interface as 
compared to specimens of similar aggregate type and reinforcement ratio having a 
smooth interface.  The peak applied shear force occurred at levels of slip ranging from 
0.004 in. to 0.021 in.  After the peak shear force is achieved, the roughened specimens 
also have a steeper drop-off in applied shear force as compared to smooth specimens.  







roughened specimens had similar residual shear strengths Vur to the specimens with a 
smooth interface.  Further discussion of the influence of shear plane interface condition is 
presented in Section 4.3.2. 
4.2.3. Applied Shear Force – Interface Steel Strain Relations.  The applied  
shear force vs. interface steel strain plots are presented in Figures 3.32, 3.37, 3.43, 3.48, 
3.53, 3.58, 3.64, and 3.72.  As previously noted, each of these plots represents the data 
from one strain gage, even if all three gages from a specimen were in working order.  
This ensured that multiple yield plateaus were not exhibited on a single graph as would 
occur if all three stain gage readings had been averaged.  In order to determine the 
applied shear stress at which cracking occurred in each specimen, graphs were made of 
applied shear stress v versus interface steel strain.  Applied shear stress is the applied 
shear force divided by area of shear plane (v = V/Acr).  These graphs reveal a plateau 
which corresponds to the initiation of shear plane cracking and contribution of concrete 
cohesion as shown in Figure 4.5.  For specimens that failed in shear along the shear 
plane, this first cracking stress vcr occurred at values between 305 psi and 390 psi for 
smooth interface specimens, and values between 495 psi and 680 psi for specimens with 
a roughened interface.  Table 4.1 and Figure 4.6 show these values averaged for each 
series vcr,avg, including those specimens which failed due to splitting.  Each series shown 
in Figure 4.6 has higher vcr,avg values for roughened interface specimens versus smooth 
interface specimens of the same aggregate type and reinforcement ratio.   
It is worth noting in Table 4.1 and Figure 4.6 that the specimens with concrete 
splitting failures had some of the highest values of average interface cracking stresses vcr.  
Since these values represent cracking of the interface rather than cracking in other areas 
of the specimen, it is possible that the first cracks to form on these specimens were 
splitting cracks.  Since the splitting cracks were perpendicular to the strain gages, the 
initiation of splitting cracks was not able to be monitored.  Furthermore, as testing 
continued, shear cracks most likely formed on the intended shear plane at higher levels of 
applied shear force than would normally occur if the specimen were free of splitting 







Figure 4.5. Typical shear stress-interface reinforcement strain plots for the determination 

























































































*Specimens in this series failed predominantly due to concrete splitting 




4.3. INFLUENCE OF TEST VARIABLES 
This section presents an analysis of the data presented in Section 3.6 in terms of 
the variables of this testing program.  Section 4.3.1 discusses the effect of aggregate type 
on the shear transfer strength vu of the specimens.  Section 4.3.2 covers the effect of shear 
interface condition on shear transfer strength.  Lastly, Section 4.3.3 analyzes of the effect 
of varying the reinforcement ratio ρ.  The test results contained in Table 4.2 are the basis 
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0.012 0.007 ND ND 
ND ND 
S-CL-CJ-R-9-2 42910 867 0.008 0.005 ND ND 
S-CL-CJ-S-9-1 31920 645 
706 
0.012 0.005 23610 477 
519 1.36 





0.007 0.006 31310 633 
651 1.51 
S-CL-CJ-R-13-2 46890 947 0.015 0.005 33180 670 
S-CL-CJ-S-13-1 41010 828 
823 
0.015 0.006 31030 627 
600 1.37 





0.004 0.004 37420 756 
751 1.45 
S-CL-CJ-R-17-2 56660 1145 0.009 0.005 36920 746 
S-CL-CJ-S-17-1 43140 872 
930 
0.012 0.005 ND ND 
667 1.39 





0.008 0.003 ND ND 
670 1.66 
S-CL-CJ-R-22-2 53230 1075 0.017 0.006 33250 672 
S-CL-CJ-S-22-1 52400 1059 
1061 
0.01 0.004 40300 814 
815 1.30 





0.009 0.007 30560 617 
617 1.63 
S-SL-CJ-R-9-2 50480 1020 0.007 0.006 ND ND 
S-SL-CJ-S-9-1 26950 544 
601 
0.021 0.007 23040 465 
529 1.14 





0.013 0.008 ND ND 
735 1.69 
S-SL-CJ-R-13-2 59370 1199 0.013 0.009 36360 735 
S-SL-CJ-S-13-1 39490 798 
892 
0.017 0.007 30510 616 
700 1.27 





0.012 0.008 ND ND 
ND ND 
S-SL-CJ-R-17-2 65150 1316 0.009 0.007 ND ND 
S-SL-CJ-S-17-1 47640 962 
957 
0.018 0.007 ND ND 
694 1.38 





0.011 0.006 39640 801 
801 1.54 
S-SL-CJ-R-22-2 57590 1163 0.006 0.007 ND ND 
S-SL-CJ-S-22-1 49810 1006 
1074 
0.018 0.006 32600 659 
694 1.55 
S-SL-CJ-S-22-2 56530 1142 0.016 0.006 36130 730 
1Shear stresses vu and vur are defined as the applied shear load divided by the 
area of the shear plane, 49.5 in2. 
2Residual load, Vur, is defined as the load at 0.15 in. of slip.  Some values for Vur 
and vur are denoted as ND (no data) because the slip did not reach a value of 0.15 




Values reported for each specimen in Table 4.2 include: compressive strength at 
test day f’c, peak (ultimate) applied shear force Vu, slip and dilation at Vu, and residual 
shear force Vur (which is the applied shear force at a value of 0.15 in. of slip).  Peak 
(ultimate) applied shear stress vu and residual shear stress vur are also included in Table 
4.2 and were calculated by dividing the respective shear force by the area of the shear 
interface Acr.  To help enable the comparisons, the average values in each series for vu, 
vur, and the ratio vu/vur are also reported. 
4.3.1. Effect of Lightweight Aggregate Type.  This testing program included  
two types of lightweight aggregate: expanded clay, and expanded shale.  Properties of 
these two aggregates were discussed in Section 3.3.1.  This section addresses the effect of 
aggregate type on the shear strength of the specimens in this study.  To isolate this 
parameter, specimens with the same interface condition and reinforcement ratio were 
compared.  Figures 4.7 through 4.14 show the applied shear force versus slip relations of 















































































































































































































































































Table 4.3 shows the average ultimate shear stress vu,avg for each series of this 
study.  Interestingly, the average shear transfer strength of all clay specimens with a 
smooth interface (880 psi) is nearly equal to the average shear transfer strength of all 
slate specimens with a smooth interface (881 psi).  This suggests that shear transfer 
strength of specimens with a smooth interface is not affected by aggregate type.  This 
idea is supported by Table 4.4, which shows shale sand-lightweight data from Shaw 
(2013) compared with the data from this study for specimens of ρ = 0.013, with nominal 
compressive strengths of 5,000 psi and cold-joint construction with a smooth interface.  
Among the three aggregate types listed in this table, the range of shear strength is not 
significant: vu = 757 psi to 892 psi.  Table 4.4 also suggests that for specimens with a 
smooth interface, increases in shear strength have a direct correlation to increases in 
compressive strength and splitting tensile strength.   
On the other hand, slate sand-lightweight specimens with a roughened interface 
show a greater increase in average shear strength as compared to similar clay specimens 



































from Shaw (2013) was not the lowest of the three aggregate types when a roughened 
interface was considered.  Instead, the clay sand-lightweight specimens had the lowest 
average shear strength.  This suggests that shear strength did not have a direct correlation 
to compressive strength and splitting tensile strength for the roughened specimens, as it 
did with the smooth specimens.  A possible reason for this is that the increased roughness 
of the interface created a higher level of friction (as compared to the smooth specimens) 





Table 4.3. Average Ultimate Shear Stress vu,avg for Each Specimen Series 
Reinforcement 
Ratio 



















0.009 706 601 16 -15 808 1008 22 25 
0.013 823 892 8 8 987 1238 23 25 
0.017 930 957 3 3 1090* 1288 17 18 
0.022 1061 1074* 1 1 1111* 1233 10 11 
Average 880 881   999 1192   




Also worth noting in Table 4.3 is that the percent increase in shear strength of the 
slate over the clay reduces as reinforcement ratio increases (with the exception of the clay 
and slate specimens with a smooth interface and ρ = 0.009).  For example, the roughened 
specimens with ρ = 0.009 had a percent increase in shear strength of 25% for slate 
compared to clay aggregate, while the percent increase was only 11% for roughened 
specimens with ρ = 0.022.  This result suggests that shear strength relies more heavily on 
the amount of shear reinforcement than aggregate type as reinforcement ratio increases. 
Figure 4.15 shows a bar graph of the average ultimate shear stress vu,avg for all 




specimens was higher than that of the clay aggregate specimens with a similar interface 




Table 4.4. Mechanical Properties for Various Sand-Lightweight Aggregate Concretes 
with ρ = 0.013 
 
Current Study1 Shaw, 20131 
Slate    
SLW 
Clay   
SLW 
Shale     
SLW 
Shear Strength 
vu,avg  (psi) 
Smooth Interface 892 823 757 
Rough Interface 1248 987 1117 
Compressive Strength f’c  (psi) 5570 4640 4550 
Splitting Tensile Strength ft  (psi) 570 360 320 
1Specimens summarized in this table each had ρ = 0.013, had nominal compressive 








Figure 4.15. Effect of lightweight aggregate type on the average ultimate shear stress for 








































However, there is one outlier in Figure 4.15; the S-CL-CJ-S-9 series had a higher 
average ultimate shear stress vu,avg than the S-SL-CJ-S-9 series.  Even though the S-CL-
CJ-S-9 series had a lower compressive strength (f’c = 4,770 psi) than the S-SL-CJ-S-9 
series (f’c = 5,380 psi), the clay specimens still outperformed the similar slate specimens 
in terms of ultimate shear stress for ρ = 0.009.  The S-CL-CJ-S-9 series also had a lower 
splitting tensile strength (ft = 340 psi) than the S-SL-CJ-S-9 series (ft = 595 psi).  
Therefore, the cause of this outlier is unknown.  Figure 4.15 also shows the standard 
deviation of each specimen series in the form of error bars. 
4.3.2. Effect of Interface Condition.  All specimens in this thesis work were  
cast with a cold-joint along the shear plane.  The shear plane interface was prepared in 
two ways; it was either troweled smooth, or intentionally roughened to a 0.25 in. 
amplitude.  This section discusses the effect of interface condition on the shear transfer 
strength of specimens in this study.  To isolate this parameter, specimens with the same 
aggregate type and reinforcement ratio were compared.  Figures 4.16 through 4.23 are 
similar to those in Section 3.6, with the format changed for consistency with the rest of 
Section 4.3.  Since all four specimens shown in the applied shear force vs. slip figures 
were constructed from the same batch of concrete, they each have the same concrete 
compressive strength f’c.  Therefore, it is not necessary to normalize the shear force.   
In Figures 4.16 through 4.23 it is apparent that the average peak shear force of the 
roughened specimens of each series is higher than the corresponding smooth interface 
specimens with a similar aggregate type and reinforcement ratio.  This is caused by the 
reduced aggregate interlock capacity of the smooth interface specimens.  The initial slope 
of the applied shear force versus slip relations are the same for both smooth and 
roughened specimens because they have a similar concrete cohesion at the interface.  Yet, 
as discussed in Section 4.2.3, the cracking stress vcr of the smooth specimens is much 
lower than that of the roughened specimens.  The reduction in aggregate interlock for the 
smooth specimens versus the roughened specimens causes the smooth specimens to crack 
at lower applied loads.  Once the bond of the interface is lost, the smooth specimens must 
rely on dowel action and clamping force since aggregate interlock has been drastically 
decreased.  This explains the lower shear strengths of the smooth specimens as compared 




behaviors.  As shown in Figures 4.16 through 4.23, the roughened specimens behave in a 
more quasi-brittle manner than the smooth specimens.  The residual shear force Vur of the 
smooth specimens are very close to that of their peak shear force, whereas the applied 
shear force drops off sharply after the peak is achieved for the roughened specimens.  
Yet, these figures reveal that the values for residual shear force are very similar among 
roughened and smooth specimens of the same aggregate type and reinforcement ratio. 
The average ultimate shear capacities are summarized in Table 4.5.  The percent 
increase in average ultimate shear capacity from smooth interface specimens to 
roughened specimens for each aggregate type/reinforcement ratio range from 5% to 68% 
(including average shear capacities for specimens which failed due to concrete splitting).  
Overall, these percent increases are higher for the slate specimens than the corresponding 
clay specimens.  Also, as discussed in Section 4.3.1, the difference in shear transfer 
strengths between specimens with a smooth versus a rough interface diminishes as 
















































































































































































































































































Table 4.5. Effect of Interface Preparation on the Average Ultimate Shear Capacity, Vu,avg 
Specimen 
Series 






CL-9 706 808 1.14 
CL-13 823 987 1.20 
CL-17 930 1090* 1.17 
CL-22 1061* 1111* 1.05 
SL-9 601 1008 1.68 
SL-13 892 1238 1.39 
SL-17 957 1288 1.35 
SL-22 1074 1233 1.15 




































4.3.3. Effect of Reinforcement Ratio.  Within this study, four reinforcement  
ratios ρ were tested: 0.009, 0.013, 0.017, and 0.022.  This corresponds to the use of 2, 3, 
4, or 5 double-legged No. 3 stirrups across the shear plane, which had an area of Acr = 
49.5 in2.  This section summarizes the effect of varied reinforcement ratios on shear 
transfer strength of the specimens in this study.  To isolate this parameter, specimens with 
the same aggregate type and interface condition were compared.   
Figures 4.24 through 4.27 compare the shear transfer strength vu of the specimens 
in this study according to their respective reinforcement ratios ρ.  Figure 4.24 shows the 
ultimate shear stress (not normalized) versus reinforcement ratio for each specimen.  
Figure 4.25 shows the average ultimate shear stress (not normalized) for each series 
versus reinforcement ratio.  Trendlines are also plotted in Figure 4.25 for each aggregate 
type and interface condition.  All trendlines in this section are in the form of a power 
function because that is the empirical model which best fit the data.  The R2 (coefficient 
of determination) value for each trendline is also shown on in Figure 4.25.  Each 
roughened interface series has a dashed trendline, and each smooth interface series has a 
smooth trendline.  An increasing trend in shear transfer strength is shown in Figure 4.25 
as reinforcement ratio increases.  This holds true for all aggregate types and interface 
conditions.  All specimens in this study had a nominal compressive strength of f’c = 5,000 
psi, but actual compressive strengths on test day ranged from 4,550 psi to 5,570 psi.  To 
make the results more comparable, Figure 4.26 shows normalized shear strength vu / f’c 
versus reinforcement ratio for all specimens.  Figure 4.27 contains the average 
normalized ultimate shear stress for each series versus reinforcement ratio, with 
associated trendlines.  Again, the trendlines indicate that normalized shear stress 
increases with increasing reinforcement ratio.  Interestingly, when the shear strength is 
normalized by compressive strength, the average shear strength of the smooth clay 
specimens are all higher than the smooth slate specimens which contradicts previous 
trends (Figure 4.27). 
Residual shear stress vur was also analyzed in Figures 4.28 through 4.31 in a 
similar manner.  Residual shear stress is defined in this thesis as the stress corresponding 
to a slip of 0.15 in.  This value represents the stage of testing well after the peak shear 




interface maintains the transfer of the applied load.  This data could potentially be 
valuable in the study of the post-peak residual capacity of a connection.  It is included 
here for completeness.  Note that this value of slip is arbitrary, and simply represents a 
point in the applied shear force versus slip plot where applied shear force has leveled off 
as slip continues to increase.  Other researchers have chosen to record residual shear 
strength at other values of slip; for example, Kahn and Mitchell (2002) recorded vur at a 
slip of 0.2 in. Figure 4.28 shows a plot of the residual shear stress vur (not normalized) 
versus reinforcement ratio.  The average values of the residual shear stress (not 
normalized) for each series are plotted versus reinforcement ratio in Figure 4.29, along 
with associated trendlines.  Figure 4.30 shows the normalized (by concrete compressive 
strength) residual shear stress versus reinforcement ratio for each specimen.  Lastly, 
Figure 4.31 shows the average values of the normalized residual shear stress for each 
series plotted versus reinforcement ratio, with associated trendlines. 
As previously discussed, all specimens in this program were tested under 
displacement control until one of the following conditions occurred: a target slip of 0.3 
in. was reached, or the applied load dropped to 60% of the peak capacity.  In several 
instances, the applied load dropped to 60% of the peak capacity before the slip reached 
0.15 in.  This occurred for the following specimens: S-CL-CJ-R-9-1, S-CL-CJ-R-9-2, S-
CL-CJ-S-17-1, S-SL-CJ-R-9-2, S-SL-CJ-R-13-1, S-SL-CJ-R-17-1, S-SL-CJ-R-17-2, and 
S-SL-CJ-S-17-1.  For these eight specimens, the residual shear stress was estimated as 
the applied shear stress at the last recorded value of slip, which happened to lie between 
0.10 in. and 0.14 in.  This was considered to be a valid range of slip for recording vur 
because it represents the initiation of the plateau in which applied shear stress remains 
constant as slip continues to increase.  For two specimens, S-CL-CJ-R-22-1 and S-SL-CJ-
R-22-2, the residual shear stress was not recorded due to the low levels of final recorded 
slip (0.08 in. or less).  Thus, the values for average vur in Figures 4.29 and 4.31 for the S-
CL-CJ-R-22 and S-SL-CJ-R-22 do not represent averages; they represent the only 
recorded value for each respective series.  The trendlines in Figure 4.29 and Figure 4.31 
indicate that overall, an increase in residual shear strength is associated with an increase 
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Figure 4.31. Normalized average residual shear strength vur / f’c versus reinforcement 
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4.4. COMPARISON TO DESIGN PROVISIONS 
This section contains an assessment of how well the results of this study correlate 
to current shear-friction design provisions.  Section 4.4.1 summarizes the equations and 
limits used for this analysis which come from the 6th and 7th Editions of the PCI Design 
Handbook, the ACI 318-14 Code, and the 7th Edition of AASHTO LRFD Bridge Design 
Specifications.  In Section 4.4.2, results of the specimens in this study are compared to 
design provisions in terms of nominal shear strength Vn (or vn = Vn/Acr), or nominal 
interface shear resistance Vni (or vni = Vni/Acr).  Section 4.4.3 contains a comparison of the 
test results to design provisions in terms of the effective coefficient of friction μe. 
4.4.1. Shear-friction Design Provisions.  This section describes the equations  
and limits used in the comparison of test results to current shear-friction design 
provisions.  Specifically, the codes/specifications which are addressed include: the 6th and 
7th Editions of the PCI Design Handbook (2004 and 2011), the ACI 318-14 Code, and the 
7th Edition of AASHTO LRFD Bridge Design Specifications (2014).  The shear-friction 
provisions of these codes/specifications are thoroughly described in Section 2.3.  Tables 
4.6 through 4.9 describe the code/specification limits for Vu (or Vn or Vni), as well as 




Table 4.6. Limits for Applied Shear of Shear-friction Elements 
Case 
PCI 6th Ed. 
Max Vu = ϕVn 
PCI 7th Ed. 
Max Vu = ϕVn 
ACI 318-141 
Max Vn = Vu /ϕ 
AASHTO 5th Ed. 








shall not exceed 





Vni shall not 





















1 For normalweight concrete with a monolithic or roughened interface, ACI 318-14 
specifies different limits than shown for Cases 1 and 2, but these cases are not included in 




Table 4.7. PCI and ACI Recommended Values for μ and λ with Respect to Concrete Type 
and Crack Interface Condition 
Factor 
Normalweight Sand-lightweight All-Lightweight 
Smooth Rough Smooth Rough Smooth Rough 
μ 0.60 1.00 0.51 0.85 0.45 0.75 





















Concrete to concrete, cast 
monolithically 
1.4λ 3.4 1.4λ 3.4 1.4λ 
2 
Concrete to hardened concrete, with 
roughened surface 
1.0λ 2.9 1.0λ 2.9 1.0λ 
3 
Concrete placed against hardened 
concrete not intentionally roughened 
0.6λ 2.2 0.6λ N/A 0.6λ 





Table 4.9. AASHTO (2014) Shear-friction Design Coefficients 









Cast-in-place slab on girder with roughened interface; 
normalweight concrete 
0.28 1.0 0.3 1.8 
Cast-in-place slab on girder with roughened interface; 
lightweight concrete 
0.28 1.0 0.3 1.3 
Normalweight concrete placed monolithically 0.40 1.4 0.25 1.5 
Lightweight concrete placed monolithically, or 
lightweight cold-joint with roughened interface 
0.24 1.0 0.25 1.0 
Normalweight cold-joint with roughened interface 0.24 1.0 0.25 1.5 
Cold-joint with interface not intentionally roughened 0.075 0.6 0.2 0.8 
Concrete anchored to as-rolled structural steel by 
headed studs or by reinforcing bars 




4.4.1.1 PCI Design Handbook 6th Edition (2004).  Equations from the 6th  
Edition of the PCI Design Handbook for the required amount of shear reinforcement 
perpendicular to the shear plane Avf and effective coefficient of friction μe are shown in 
Equations 4.1 and 4.2, respectively.  These equations are fully defined in Section 2.3.1.1, 

















 To make the comparisons to test results easier, these two equations can be 
rearranged in terms of nominal shear stress and reinforcement ratio.  When the term Vn is 
substituted for Vu/ϕ, and Vn/Acr is then replaced with vn, Equations 4.1 and 4.2 can be 




𝑣𝑛 = 31.62 √





Using the relations Vn=Vu/ϕ, vn=Vn/Acr, and ρ=Avf/Acr, Equation 4.1 can be 










The provisions of the 6th Edition of the PCI Design Handbook restrict the design 
value of fy to a maximum of 60 ksi as discussed in Section 2.3.1.1.  Maximum values for 
Vu are listed in Table 4.6 for all interface conditions, Cases 1-4; values for μ and μe,max are 
listed in Table 4.8; and corresponding values for μ and λ are summarized in Table 4.7 for 
all concrete types and interface conditions. 
4.4.1.2 PCI Design Handbook 7th Edition (2011).  The 7th Edition of the PCI  
Design Handbook contains a major change from the previous edition in that μe is no 
longer considered applicable for crack interface condition Cases 3 and 4: smooth 
interface and concrete to steel, respectively.  Instead, shear-friction design for these two 










When the term Vn is substituted for Vu/ϕ, and Vn/Acr is then replaced with vn, with ρ used 
in place of Avf /Acr, Equation 4.5 can be rearranged as shown in Equation 4.6:  Equation 
4.6 can also be expressed in terms of μ as shown in Equation 4.7: 
 
 









 For cases where load reversal does not occur, and the interface is either 




of reinforcement crossing the shear plane perpendicularly.  Note that this is the same as 










 The value for μe in Equation 4.8 is computed using Equation 4.9.  Equation 4.9 is 
similar to Equation 4.2 from the 6th Edition of the PCI Design Handbook.  The only 










When the term Vn is substituted for Vu/ϕ, and Vn/Acr is then replaced with vn, with ρ used 
in place of Avf /Acr, Equations 4.8 and 4.9 can be rearranged and combined as shown in 




𝑣𝑛 = 31.62 √𝜌𝑓𝑦𝜆𝜇 (4.10) 
 
 











 The provisions of the 7th Edition of the PCI Design Handbook restrict the design 
value of fy to a maximum of 60 ksi as discussed in Section 2.3.1.2.  Maximum values for 
Vu are listed in Table 4.6 for all interface conditions, Cases 1-4; values for μ and μe,max are 
listed in Table 4.8; and corresponding values for μ and λ are summarized in Table 4.7 for 
all concrete types and interface conditions. 
4.4.1.3 ACI 318-14.  The design equations in ACI 318-14 do not include an  
effective coefficient of friction.  Rather, a similar shear-friction design approach is used 
as for the smooth interface and concrete to steel conditions in the 7th Edition of the PCI 
Handbook.  The nominal shear strength Vn is calculated according to Equation 4.12: 
 
 
 𝑉𝑛 = 𝜇𝐴𝑣𝑓𝑦 (4.12) 
 
 
When the term Vn/Acr is replaced with vn, with ρ used in place of Avf /Acr, Equation 
4.12 can be rearranged as shown in Equation 4.13:   
 
 
 𝑣𝑛 = 𝜌𝑓𝑦𝜇 (4.13) 
 
 









 The provisions of ACI 318-14 restrict the design value of fy to a maximum of 60 
ksi as discussed in Section 2.3.2.  Maximum values for Vn are listed in Table 4.6 for all 




values for μ and λ are summarized in Table 4.7 for all concrete types and interface 
conditions. 
4.4.1.4 AASHTO LRFD Bridge Design Specifications.  The AASHTO  
Specifications (7th Edition) regarding shear-friction are quite different than the previously 
discussed codes.  First, sand-lightweight concrete is not distinguished from all-
lightweight concrete.  They are both considered together as lightweight concrete; 
therefore, the lightweight correction factor λ is not used in the AASHTO Specification.  
The friction factor μ is used, but the values for lightweight concrete with smooth (μ = 0.6) 
and roughened interfaces (μ = 1.0) are different from the ACI and PCI codes, since they 
do not include the lightweight correction factor λ.   Values for μ and several other 
coefficients are listed in Table 4.9: c is the cohesion factor; K1 represents the fraction of 
concrete strength available to resist interface shear; and K2 is the limiting interface shear 
resistance.  The nominal shear resistance Vni of the interface plane is defined in Equation 
4.15, with all coefficients and variables defined as in Section 2.3.3. 
 
 
 𝑉𝑛𝑖 =  𝑐𝐴𝑐𝑣 +  𝜇(𝐴𝑣𝑓𝑓𝑦 +  𝑃𝑐) (4.15) 
 
 
A very important provision in the AASHTO LRFD Bridge Design Specifications 
is that brackets, corbels, and ledges shall have a cohesion factor of c = 0.0 for all cases 
listed in Table 4.9.  The commentary to AASHTO Section 5.8.4.3 states that this 
provision is necessary due to the unreliable cohesion and aggregate interlock properties 
of vertical cracks.  Therefore, the cohesion factor is conservatively set to zero for these 
cases.  In order to study the validity of this provision, Equation 4.15 will be used for two 
conditions: with the cohesion factor considered as 0.0 and also for the cohesion factor 
considered to be the value given in Table 4.9.   
Since this testing program aims to study the fundamental shear-friction properties 
for all general interfaces, the first method of analysis will require that the cohesion factor 
c be set to zero in the shear-friction design equation.  This means that the first term of 




since none of the specimens in this study had an externally applied compressive force 
across the shear plane.  Therefore, these considerations condense Equation 4.15 into the 
form shown in Equation 4.16, recognizing that the nominal interface shear stress (same as 
nominal shear stress in ACI and PCI) vni = Vni/Acv, and ρ = Avf /Acr.  Note that the 
AASHTO Specifications limit the reinforcement parameter ρfy to values greater than or 
equal to 0.05. 
 
 
 𝑣𝑛𝑖 = 𝜌𝑓𝑦𝜇 (4.16) 
 
 









As discussed above, the second method of comparing the test data from this study 
to AASHTO specifications is to use Equation 4.15 with the cohesion factors from Table 
4.9 included.  This will either reinforce or contradict the validity of the AASHTO 
provision which considers the cohesion factor c to be equal to 0.0 in the shear-friction 
equation for the case of a vertical crack.  Again, it is appropriate to eliminate Pc from 
Equation 4.15 since none of the specimens in this study had an externally applied 
compressive force across the shear plane.  Recognizing that vni = Vni/Acv, and ρ = Avf /Acr, 
Equation 4.15 can be rearranged into the form shown in Equation 4.18. 
 
 















 Equations 4.16 and 4.17 are the same as those in ACI and PCI design provisions 
with the nominal shear stress given a slightly different title (nominal interface shear 
stress).  The AASHTO LRFD Bridge Design Specifications restrict the design value of fy 
to a maximum of 60 ksi as discussed in Section 2.3.3.  Maximum values for Vni are listed 
in Table 4.6 for all interface conditions, Cases 1-4, and values for c, μ, K1 and K2 are 
listed in Table 4.9. 
4.4.2. Shear Strength.  This section compares the values of peak shear stress vu  
(or vui) for the specimens tested in this study versus the current design codes and 
specifications discussed in Section 4.4.1.  These include the 7th Edition (most current) of 
the PCI Design Handbook (2011), ACI 318-14, and the AASHTO LRFD Bridge Design 
Specifications (2014).  Note that for this comparison analysis, vu can be used 
interchangeably with vn since ϕ =1.0.  It is acceptable to set the resistance factor ϕ equal 
to 1.0 since all dimensions and material properties are known.  This allows a direct 
comparison of calculated capacities from the code/specification to actual capacities of 
tested specimens.   
The four design approaches used in this analysis are summarized in Table 4.10, 
along with the calculated shear strength limits for smooth and roughened interface 
conditions.  In this section, both the ‘μ’ method and the ‘μe’ method of determining shear 
strength vn were used.  For Figures 4.32 and 4.33, Equation 4.13 is plotted and shown as 
the ACI 318-14 Code equation.  Note that this follows the ‘μ’ approach and is also the 
same as Equation 4.6 from the 7th Edition of the PCI Design Handbook and is applicable 
to all crack interface conditions.  For the PCI Design Handbook shear-friction capacity 
equation shown in Figures 4.32 and 4.33, the ‘μe’ approach is followed, and vn is plotted 




7th Edition of the PCI Design Handbook was that the use of the μe method is no longer 
considered applicable for a smooth interface condition (Case 3).  For comparison 
purposes, the μe method is also used for smooth interface specimens to determine how 
well it correlates with the experimental data from this study.  Note that the equations and 
limits for the PCI comparison are exclusively from the 7th Edition.  The AASHTO shear-
friction equations shown in Figures 4.32 and 4.33 are Equations 4.16 and 4.18, which 
correspond to the cohesion factor being set to either zero or set to the values from Table 
4.9, respectively.  The shear-friction coefficients for roughened and smooth interface 
















PCI 7th Ed.            
“μe approach”* 
4.10 𝑣𝑛 = 31.62 √𝜌𝑓𝑦𝜆𝜇 680 850 
ACI 318-14             
“μ approach” 
4.13 𝑣𝑛 = 𝜌𝑓𝑦𝜇 800 800 
AASHTO 7th Ed.  
(w/o cohesion) 
4.16 𝑣𝑛𝑖 = 𝜌𝑓𝑦𝜇 800 1000 
AASHTO 7th Ed.   
(w/ cohesion) 
4.18 𝑣𝑛𝑖 = c + 𝜌𝑓𝑦𝜇 800 1000 
*Note: This approach is not applicable in the 7th Edition of the PCI Design Handbook for 




Most of the roughened specimens from this study had shear strengths which were 
higher than those predicted by current design provisions from ACI, PCI, and AASHTO 
(Figure 4.32).  The only unconservative values for the AASHTO approach in the 
roughened analysis came from clay specimens with ρfy less than about 1000 psi.  Several 




included the cohesion factor c (Equation 4.18).  For specimens with a roughened 
interface (Figure 4.32), the shear-friction design equations are more conservative for the 
shear strengths of the slate specimens than the clay specimens.  The data from this study 
supports ignoring the cohesion factor c from Equation 4.15 for specimens with a 
roughened interface.  Overall, the predicted shear strengths from the AASHTO 





Figure 4.32. Comparison of shear strength vu (or vui) with Equations 4.10, 4.13, 4.16, and 




As shown in Figure 4.33, all shear strengths from the smooth interface test 
specimens in this study were higher than the predicted shear strengths from the current 
ACI, PCI, and AASHTO codes/specifications.  For values of ρfy less than about 900 psi, 
the μe approach of Equation 4.10 (PCI 7
th Ed.) had the best correlation with the test data 
































AASHTO    
c = 0.24 ksi
μ = 1.0
K1 = 0.25   
K2 = 1.0 ksi
ϕ = 1.0
c = 0.24 ksi 
Splitting 
Failure 




about 900 psi), Equation 4.18 from AASHTO had the closest correlation to the smooth 
interface test data.  For specimens with a smooth interface (Figure 4.33), the shear-
friction design equations are equally conservative for the shear strengths of the slate 
specimens and the clay specimens.  Since the shear strength of all of the smooth interface 
specimens exceeded Equation 4.18, the results indicate that the cohesion factor c can be 
used for smooth interface specimens.  
 The shear strengths of the smooth interface test specimens all exceed the shear 
strengths predicted by Equation 4.10 from the 7th Edition of the PCI Design Handbook 
(Figure 4.33).  Therefore, these results support the use of the μe approach for specimens 
with a non-monolithic smooth interface condition (Case 3) in the PCI Design Handbook.  
Also, as ρfy increases, Equation 4.10 becomes more conservative for specimens with both 
rough and smooth interface conditions.  This suggests that the limit on vn,max in the 7
th 
Edition of the PCI Design Handbook could be increased.  This would also make the PCI 





Figure 4.33. Comparison of shear strength vu with Equations 4.10, 4.13, 4.16, and 4.18 




























AASHTO     
c = 0.075 ksi
μ = 0.6
K1 = 0.20    
K2 = 0.8 ksi
ϕ = 1.0
PCI & ACI 
μ = 0.6λ 
λ = 0.85 
ϕ = 1.0 
Splitting 
Failure 
c = 0.075 ksi 




4.4.3. Effective Coefficient of Friction, μe.  This section compares the results of  
this experimental study to the values of the effective coefficient of friction μe from the 6th 
and 7th Editions of the PCI Design Handbook.  As shown in Table 4.8, the maximum 
recommended value of μe for a roughened interface condition is 2.9 in both the 6
th and 7th 
Editions of the PCI Design Handbook.  For the case of a smooth interface, the 6th Edition 
uses a maximum value of μe = 2.2; yet, for the 7
th Edition of the PCI Design Handbook, 
the μe approach is not applicable.  In this section, all equations and limits for shear 
strength from the PCI Design Handbook are in reference to the 7th Edition, yet the value 
for μe of a smooth interface is taken from the 6
th Edition for comparison purposes.   
 Figures 4.34 and 4.35 show the effective coefficient of friction μe versus nominal 
shear strength for specimens with a roughened or smooth interface condition, 
respectively.  The effective coefficient of friction μe was computed for each specimen 
using Equation 4.11 from the 7th Edition of the PCI Design Handbook with the measured 
shear strength (which is the same equation as Equation 4.4 from PCI 6th Edition).  The 
average tested yield strength of the No. 3 stirrups (fy = 72,185 psi) was used in Equation 
4.11 for fy. 
 The predicted values of μe are plotted as a solid line in Figures 4.34 and 4.35.  
This line comes from Equation 4.9 of the 7th Edition of the PCI Design Handbook, which 
is similar to Equation 4.2 of the 6th Edition, except the strength reduction factor ϕ is 
added to the numerator.  Since all specimen dimensions and material properties are 
known in this testing program, it is permitted to take ϕ = 1.0; therefore, these two 
equations for μe produce the same values.  The maximum values of shear strength are the 
PCI 7th Edition limits listed in Table 4.6.  These values are computed as 850 psi and 680 
psi for the roughened and smooth interface specimens of this study, respectively.  As 
previously discussed, the maximum values for μe of roughened and smooth interface 
specimens were taken as 2.9 and 2.2 for this comparison.   
All experimental data points plotted above or to the right of Equation 4.9 in 
Figures 4.34 and 4.35, which indicates the PCI 7th Edition equation and limits for μe and 
vn are conservative for all specimens in this study.  As a general trend, Equation 4.9 is 
more conservative for the slate aggregate specimens than the clay aggregate specimens of 





Figure 4.34. Evaluation of the effective coefficient of friction for sand-lightweight 






Figure 4.35. Evaluation of the effective coefficient of friction for sand-lightweight 


































































































One outlier in Figure 4.35 is the clay data point which lies closer to Equation 4.9 
than the corresponding slate specimen with ρ = 0.009 and a smooth interface.  This 
outlier was discussed in 4.3.1 in the discussion of the effect of lightweight aggregate 
type.  Also worth noting in Figures 4.34 and 4.35 is that Equation 4.9 is slightly more 
conservative for specimens with a roughened interface than specimens with a smooth 
interface.   
Figures 4.36 and 4.37 are similar to Figures 4.34 and 4.35, except the explicit 
value of the lightweight modification factor is removed from Equation 4.9.  The value of 
λ which is included in the friction factor μ was not changed in Figures 4.36 and 4.37.  As 
shown in these two figures, removing the explicit instance of λ from Equation 4.9 reveals 
a good correlation for the slate sand-lightweight and clay sand-lightweight specimens 
included in this study.  However, there was one outlier in Figure 4.37 which produced an 





Figure 4.36. Evaluation of the effective coefficient of friction for sand-lightweight 




















































Figure 4.37. Evaluation of the effective coefficient of friction for sand-lightweight 




The lightweight modification factor λ is meant to account for a reduction in 
mechanical properties relative to normalweight concrete when lightweight aggregate is 
used in concrete.  Since λ appears twice in Equation 4.9, once explicitly and again in the 
definition for μ, there are significant reductions in μe values for lightweight concrete as 
noted by Tanner (2008).  In previous work by Shaw (2013), a similar study of μe showed 
that removing the two instances of λ (essentially λ2) from Equation 4.9 produced a good 
correlation for normalweight, sand-lightweight (shale), and all-lightweight (shale) 
specimens with a similar compressive strength as the specimens in this study (f’c ≈ 5,000 
psi).  Figures 4.36 and 4.37 show that removing only the explicit value of λ from 
Equation 4.9 provides a good correlation to the slate sand-lightweight and clay sand-



















































4.5. COMPARISON TO PREVIOUS STUDIES 
Several previous studies involved cold-joint specimens with smooth and rough 
interfaces.  These include: Shaw (2013), Harries et al. (2012), Kahn and Mitchell (2002), 
Mattock (1976), and Paulay et al. (1974).  Several all-lightweight slate and clay 
specimens from the concurrent study by Krc (2015) are also included in the analysis 
contained in this section.  The specimens from these studies were constructed of 
normalweight concrete (NWC), sand-lightweight concrete (SLW), or all-lightweight 
concrete (ALW).  In this section, the results from these studies are summarized in terms 
of specimens with a roughened interface (Figure 4.38) or a smooth interface (Figure 
4.39).  The data are plotted in terms of peak shear stress vu versus reinforcement 
parameter ρfy.  For Figures 4.38 and 4.39, actual steel reinforcement yield strengths fy 
were used.  Further details of the results from these specific studies are tabulated in the 
Appendix of this thesis. 
It should be noted that most of the compressive strengths of the specimens shown 
in Figures 4.38 and 4.39 range from about 3,000 psi to about 6,000 psi.  As shown in the 
figure legends, several series from Shaw 2013 had a target compressive strength of 8,000 
psi.  Also, Kahn and Mitchell studied the shear-friction properties of high-strength 
concrete; thus, the specimens from that study had compressive strengths of about 12,000 
psi to 15,000 psi.  In addition, Kahn and Mitchell did not intentionally roughen their 
specimens, but the shear interface surfaces appeared rough, with an average amplitude of 
about 0.25 in.  This was true for all specimens except two, which appeared smooth due to 
the use of a high-slump concrete mixture, even though they were not troweled smooth.  
For comparison purposes, the specimens from Kahn and Mitchell’s study were 
considered roughened or smooth in Figures 4.38 and 4.39 based on these descriptions of 
their appearances, even though none of them were ‘intentionally roughened.’  In addition, 
the specimens from Mattock (1976) were pre-cracked before loading as is sometimes 
done in the testing of monolithic specimens.  Yet, these specimens were included in this 
analysis since they were constructed with a cold-joint at the shear interface.  Also worth 
noting is that the specimens’ shear interfaces were intentionally roughened through 
several methods in the study by Paulay et al. (1974), but actual amplitudes for some 




 As shown in both Figures 4.38 and 4.39, the shear strength vu shows an increasing 
trend as the reinforcement parameter ρfy increases.  Another interesting observation is 
that vu is higher for specimens with a higher concrete compressive strength f’c when 
compared to specimens with a similar reinforcement parameter ρfy.  This trend is true for 
both interface conditions shown, but it is more apparent for specimens of a roughened 
interface.  In general, shear strengths are higher for roughened interface specimens 





Figure 4.38. Comparison of shear strength vu for cold-joint specimens with a roughened 















Present Study - Slate SLW; f'c = 5 ksi Present Study - Clay SLW; f'c = 5 ksi
Krc 2015 - Slate ALW; f'c = 5 ksi Krc 2015 - Clay ALW; f'c = 5 ksi
Shaw 2013 - NWC; f'c = 5 ksi Shaw 2013 - NWC; f'c = 8 ksi
Shaw 2013 - Shale SLW; f'c = 5 ksi Shaw 2013 - Shale SLW; f'c = 8 ksi
Shaw 2013 - Shale ALW; f'c = 5 ksi Shaw 2013 - Shale ALW; f'c = 8 ksi
Paulay et al. 1974 - NWC; f'c = 4 ksi Kahn and Mitchell 2002 - NWC; f'c > 10 ksi







Figure 4.39. Comparison of shear strength vu for cold-joint specimens with a smooth 





The higher shear strength values for concretes with higher concrete compressive 
strengths suggests that shear-friction design equations or limits for shear strength should 
include f’c as proposed by Kahn and Mitchell (2002) and Harries et al. (2012).  Also, as 
shown in Figures 4.38 and 4.39, Kahn and Mitchell’s (2002) specimens had 
reinforcement parameters ρfy below 900 psi.  It would be interesting to see the behavior 
of specimens with f’c > 10,000 psi that have reinforcement parameters ρfy in the 1,000 psi 
to 1,600 psi range.  Adding this data to Figures 4.38 and 4.39 would provide a better 














Present Study - Slate SLW; f'c = 5 ksi Present Study - Clay SLW; f'c = 5 ksi
Krc 2015 - Slate ALW; f'c = 5 ksi Krc 2015 - Clay ALW; f'c = 5 ksi
Shaw 2013 - NWC; f'c = 5 ksi Shaw 2013 - NWC; f'c = 8 ksi
Shaw 2013 - Shale SLW; f'c = 5 ksi Shaw 2013 - Shale SLW; f'c = 8 ksi
Shaw 2013 - Shale ALW; f'c = 5 ksi Shaw 2013 - Shale ALW; f'c = 8 ksi
Paulay et al. 1974 - NWC; f'c = 4 ksi Kahn and Mitchell 2002 - NWC; f'c > 10 ksi






1,000 psi).  For the roughened interface specimens (Figure 4.38), especially from this 
study, the shear strengths vu seemed to level off at higher levels of ρfy.  Yet, this behavior 
was not observed for Mattock’s (2002) normalweight specimens which seemed to 
increase linearly for all values of ρfy.  Therefore, it would be interesting to see which 
pattern the normalweight specimens from Kahn and Mitchell’s study would follow if 
their testing program were extended to values of ρfy up to 1,600 psi.   
 Also, it would be useful to test specimens of ρfy greater than that which is shown 
on Figures 4.38 and 4.39 (ρfy > 1,600 psi).  This would reveal whether shear strength vu 
increases indefinitely with increasing ρfy, or if there is a maximum value of shear strength 
which can be achieved.   
Section 4.4 compared the results of this study to the current shear-friction design 
provisions of the ACI, PCI, and AASHTO codes/specifications.  This comparison 
showed that the predicted shear strengths from the AASHTO provisions had the closest 
correlation to the test data for both the roughened and smooth interface conditions.  Thus, 
it is worthwhile to also compare the AASHTO shear-friction design provisions to other 
data sets from previous studies of cold-joint specimens.  Shear-friction design equations 
proposed by Mattock (2001) are in a similar form as the AASHTO shear-friction 
equation.  Therefore, to determine how the Mattock equations fit the data as compared to 
AASTHO, both sets of equations were plotted in Figures 4.40 through 4.43.  As 
described in detail in Section 2.4.13, Mattock proposed the following design equations 
and limits: 
1.  For monolithic concrete and cold-joint connections with interface intentionally 
roughened: 
a.  When (𝜌vf fy + σNx) ≥ K1/1.45 
Where:  K1 = 0.1f’c, but not more than 800 psi; 
 
 
 𝑣𝑛 = 𝐾1 + 0.8(𝜌𝑣𝑓 𝑓𝑦 +  𝜎𝑁𝑥)  (𝑝𝑠𝑖) (4.20) 
but not greater than K2f’c nor K3 psi; 





b.  When (𝜌vf fy + σNx) ≤ K1/1.45 
 
 
 𝑣𝑛 = 2.25(𝜌𝑣𝑓 𝑓𝑦 + 𝜎𝑁𝑥)  (𝑝𝑠𝑖) (4.21) 
 
 
 Note:  For normalweight monolithic concrete, K1 = 0.1f’c but not more than 800 
psi; K2 = 0.3; and K3 = 2400 psi.  For normalweight concrete placed against hardened 
normalweight concrete with the interface intentionally roughened, K1 = 400 psi; K2 = 0.3, 
where f’c shall be taken as the lower of the compressive strengths of the two concretes; 
and K3 = 2400 psi.  For sand-lightweight concrete, K1 = 250 psi; K2 = 0.2; and K3 = 1200 
psi.  For all-lightweight concrete, K1 = 200 psi; K2 = 0.2; and K3 = 1200 psi. 
2. For concrete placed against hardened concrete not intentionally roughened, 
 
 
 𝑣𝑛 =  0.6𝜆𝜌𝑣𝑓𝑓𝑦  (𝑝𝑠𝑖) (4.22) 




Due to the different limits on shear strength for normalweight, sand-lightweight, 
and all-lightweight concrete with a roughened interface, it was necessary to break up the 
data in Figure 4.38 according to unit weight.  The resulting plots for the roughened 
interface specimens are shown in Figures 4.40, 4.41, and 4.42.  Since there were six 
different compressive strengths for the normalweight test data, there were many different 
shear strength limits for both the AASHTO equation and the Mattock equation.  These 
are summarized in Table 4.11.  For the smooth specimens, it was also necessary to break 
up the data according to unit weight due to the inclusion of the lightweight modification 
factor λ in the Mattock proposed equation.  Therefore, the smooth interface specimens are 
shown in Figures 4.43, 4.44, and 4.45 which correspond to sand-lightweight, all-




 As was done in Section 4.4, the AASHTO predicted shear strengths in Figures 
4.40 through 4.43 are shown in two different forms: Equations 4.16 and 4.18, which 
correspond to the cohesion factor being set to either zero or set to the values from Table 
4.9.  As discussed previously, this was done to validate the AASHTO provision which 
requires the cohesion factor c to be set to zero for the case of brackets, corbels, and 
ledges.  This provision is in place due to the unreliable cohesion and aggregate interlock 





Figure 4.40. Comparison of Mattock (2001) proposed equation and AASHTO 

















Present Study - Slate SLW; f'c = 5 ksi Present Study - Clay SLW; f'c = 5 ksi
Shaw 2013 - Shale SLW; f'c = 5 ksi Shaw 2013 - Shale SLW; f'c = 8 ksi
Mattock 2001 Proposed Eqn AASHTO w/ cohesion
AASHTO w/o cohesion
Mattock limit = 1200 
for f’c = 8000 psi 
AASHTO and Mattock limit = 1000 







Figure 4.41. Comparison of Mattock (2001) proposed equation and AASHTO 




 As shown in Figures 4.40 through 4.42, the Mattock equations provide a more 
accurate prediction of shear strength of roughened specimens because the test data and 
predicted values are similar.  However, the AASHTO equations are more conservative 
for most data points.  For the smooth specimens constructed from lightweight concrete 
(Figures 4.43 and 4.44), the opposite is true: the AASHTO equations provide a closer fit 
to the test data, and the Mattock equation is more conservative.  All three equations on 
these two figures are conservative for each data point.  For the normalweight specimens 
(Figure 4.45), the AASHTO equations are again more aligned with the test data, but there 
are a few unconservative points for specimens with f’c ≤ 4000 psi.  The Mattock proposed 















Krc 2015 - Slate ALW; f'c = 5 ksi Krc 2015 - Clay ALW; f'c = 5 ksi
Shaw 2013 - Shale ALW; f'c = 5 ksi Shaw 2013 - Shale ALW; f'c = 8 ksi
Mattock 2001 Proposed Eqn AASHTO w/ cohesion
AASHTO w/o cohesion
Mattock limit = 1200 
for f’c = 8000 psi 
AASHTO and Mattock limit = 1000 





Figure 4.42. Comparison of Mattock (2001) proposed equation and AASHTO 
specification for normalweight cold-joint specimens with a roughened interface with 





Table 4.11. Calculated Limits on Shear Strength for Normalweight Concrete Specimens 













3000 900 750 
4000 1200 1000 
5000 1500 1250 
6000 1800 1500 
8000 2400 1500 














Shaw 2013 - NWC; f'c = 5 ksi Shaw 2013 - NWC; f'c = 8 ksi
Paulay et al. 1974 - NWC; f'c = 4 ksi Kahn and Mitchell 2002 - NWC; f'c > 10 ksi
Mattock 1976 - NWC; pre-cracked; f'c = 3 to 6 ksi Harries et al. 2012 - NWC; f'c = 6 to 7 ksi






Figure 4.43. Comparison of Mattock (2001) proposed equation and AASHTO 






Figure 4.44. Comparison of Mattock (2001) proposed equation and AASHTO 











Present Study - Slate SLW; f'c = 5 ksi Present Study - Clay SLW; f'c = 5 ksi
Shaw 2013 - Shale SLW; f'c = 5 ksi Shaw 2013 - Shale SLW; f'c = 8 ksi











Krc 2015 - Slate ALW; f'c = 5 ksi Krc 2015 - Clay ALW; f'c = 5 ksi
Shaw 2013 - Shale ALW; f'c = 5 ksi Shaw 2013 - Shale ALW; f'c = 8 ksi
Mattock 2001 Proposed Eqn AASHTO w/ cohesion
AASHTO and Mattock limit = 800 
for f’c = 5000 psi and 8000 psi 
AASHTO and Mattock limit = 800 







Figure 4.45. Comparison of Mattock (2001) proposed equation and AASHTO 














Shaw 2013 - NWC; f'c = 5 ksi Shaw 2013 - NWC; f'c = 8 ksi
Paulay et al. 1974 - NWC; f'c = 4 ksi Kahn and Mitchell 2002 - NWC; f'c > 10 ksi
Mattock 2001 Proposed Eqn Mattock 1976 - NWC; pre-cracked; f'c = 3 to 6 ksi
AASHTO w/ cohesion AASHTO w/o cohesion
AASHTO and Mattock limit = 800 
for f’c = 4000 psi and above 
AASHTO and Mattock limit = 600 




5. SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 
 
5.1. SUMMARY 
This testing program studied the effects of aggregate type, interface condition, 
and reinforcement ratio on the shear strength of non-monolithic (cold-joint) lightweight 
concrete specimens.  Cold-joints (or construction joints) are common at the connections 
to precast elements, and shear forces can be high in these areas.  Shear-friction 
principles are often used for the design of reinforcement crossing a cold-joint.  This 
study was intended to expand a previous study by Shaw (2013) and a concurrent study 
by Krc (2015) to include more types of lightweight aggregate and also to discover how 
shear strength is affected when the shear reinforcement ratio ρ is varied.  The overall 
goal of this study was to determine if values for shear strength vu and effective 
coefficient of friction μe were conservatively predicted by current ACI, PCI, and 
AASHTO shear-friction design provisions. 
Thirty-two specimens were constructed with a cold-joint which was either 
troweled smooth or intentionally roughened to an amplitude of ¼ in.  All specimens 
were considered sand-lightweight (λ = 0.85), since they were constructed from river 
sand and either expanded clay or expanded slate coarse aggregate.  The shear specimens 
were reinforced with No. 3 double-legged steel stirrups in varying numbers to create 
reinforcement ratios of ρ = 0.009, ρ = 0.013, ρ = 0.017, or ρ = 0.022 across the shear 
interface.  The target concrete compressive strength of all specimens was 5000 psi, with 
actual compressive strengths ranging from 4550 psi to 5570 psi.  Each specimen was 
loaded monotonically at a constant platen displacement of 0.015 in. per minute until 
failure.  Data was presented for all specimens in terms of the following relations: shear 
force vs. slip, shear force vs. dilation, shear force vs. interface steel strain, slip vs 
dilation, and slip vs. interface steel strain.   General behaviors of the specimens were 
noted, and results were compared to current shear-friction design provisions from ACI 






Based on the data from these 32 sand-lightweight specimens, the following 
conclusions can be made: 
1. The global cracking behavior of specimens with higher reinforcement ratios was 
different than that of specimens with smaller amounts of reinforcement.  The 
specimens with more reinforcement had splitting cracks and flexural cracks 
which accompanied the shear interface cracking, and in some specimens, (the 
CL-R-17, CL-R-22, and CL-S-22 series) concrete splitting was the principal 
failure mode.  This is most likely due to the low tensile strength of the clay sand-
lightweight concrete.  To mitigate this type of failure in clay sand-lightweight 
concrete shear-friction specimens, more cover (at least 1.5 in.) is recommended 
if the value of ρfy is high (ρfy > 1000 psi). 
2. Shear strength vu was 5% to 68% higher for specimens with a roughened 
interface than a smooth interface (with similar aggregate type and reinforcement 
ratio).  The slate aggregate specimens were more sensitive to interface condition 
than the corresponding clay aggregate specimens.  Also, the influence of 
interface condition diminished as reinforcement ratio increased. 
3. The roughened specimens behaved in a more quasi-brittle manner than the 
smooth specimens, with a sharper drop-off in applied shear force after the peak.  
Yet residual shear strength vur for roughened and smooth specimens was similar. 
4. The average interface cracking stress vcr (the point at which shear cracking first 
occurs) was higher for the roughened specimens than the smooth specimens of 
similar aggregate type and reinforcement ratio. 
5. For specimens with a similar interface condition and reinforcement ratio, the 
average ultimate shear stress vu,avg was generally higher for the slate aggregate 
specimens than the clay aggregate specimens (with one outlier: for CL-S-9 
series, vu,avg was greater than that of SL-S-9).  The specimens with a roughened 
interface were much more sensitive to lightweight aggregate type than the 
smooth specimens.  Also, the influence of lightweight aggregate type diminished 




6. As a general trend, the shear transfer strength increased with increasing 
reinforcement ratio.  However, for the CL-R series and the SL-R series, the shear 
strength leveled off at the higher reinforcement ratios.  The clay, roughened 
series may have behaved this way due to the splitting failures of the CL-R-17 
and CL-R-22 specimens.  For the SL-R-22 specimens which failed along the 
shear plane, the influence of splitting and flexural cracking could have reduced 
the shear strength of these specimens, causing the trendline to flatten out at 
higher values of ρ. 
7. Residual shear strength vur increased with increasing reinforcement ratio (with 
the exception of the clay aggregate, roughened series in which vur appeared to be 
unaffected by reinforcement ratio). 
8. All shear strengths vu from the smooth interface test specimens in this study were 
higher than the predicted shear strength from the current ACI, PCI, and 
AASHTO codes/specifications.  This includes the μe approach from the 7
th 
Edition of the PCI Design Handbook, which is not applicable in this version.  All 
design methods were conservative for smooth specimens with the highest 
reinforcement ratio (ρ = 0.022).  The AASHTO design provisions, with cohesion 
term cAcv included, have the closest correlation to the test data for smooth 
specimens. 
9. All shear strengths from the roughened interface test specimens in this study 
were higher than the predicted shear strengths from the current ACI, PCI, and 
AASHTO codes/provisions.  When the cohesion term cAcv is included in the 
AASHTO design provisions (using values of c from AASHTO 7th Ed. Section 
5.8.4.3), predicted shear strengths are unconservative for most of the clay 
specimens.  The closest correlation to test data for roughened interface 
specimens, while still being conservative, came from the AASHTO design 
equation with the cohesion factor c taken as 0.0 (which follows current 
AASHTO provisions for vertical shear interfaces). 
10. Equation 5-33 from the 7th Edition of the PCI Design Handbook conservatively 
predicts values of μe for both roughened and smooth interface specimens, even 




specimens (Case 3).  Also, PCI Handbook Equation 5-33 is more conservative 
for the slate specimens than the clay sand-lightweight specimens in this study 
(with one exception: SL-S-9 was less conservative than CL-S-9). 
11. The use of the lightweight modification factor λ twice in the calculation for the 
effective coefficient of friction (once explicitly in the equation and again in the 
definition of μ) is conservative for the sand-lightweight concretes tested in this 
study. 
12. The limits on shear strength of sand-lightweight connections for roughened 
interfaces in the PCI and ACI shear friction provisions could be raised to 1000 
psi and still be conservative for the specimens in this study.  Likewise, the limits 
on shear strength of sand-lightweight cold-joint connections with a smooth 
interface could be raised to 800 psi in the PCI shear friction provisions and still 
be conservative for the values in this study.  This could be accomplished by 
directly changing the ACI limit of vu ≤ 800 psi to 1000 psi, and by eliminating λ 
from the PCI roughened and smooth limits of vu ≤ 1000λ psi and vu ≤ 800λ psi, 
respectively.  These changes would bring the ACI and PCI limits for sand-
lightweight concrete with (f’c ≥ 5000 psi) in line with the AASHTO shear 
strength limits which had the best fit to the experimental data in this study. 
5.3. RECOMMENDATIONS FOR DESIGN EQUATIONS 
As discussed in Section 5.2, using the effective coefficient of friction μe 
approach from the 7th Edition of the PCI Design Handbook produced conservative 
predictions of shear strength for specimens with a smooth interface.  As noted in earlier 
sections, this approach is not considered applicable to smooth interfaces (Case 3).  
However, the results of this study support the use of the μe approach for a smooth 
interface.  The value of μe,max from the 6th Edition of the PCI Design Handbook was also 
proven to be valid for this set of test data.  Therefore, it is recommended that the μe 
approach used in the 7th Edition of the PCI Design Handbook be considered applicable 
for a smooth interface condition, and μe,max be set equal to 2.2, as designated in the 6th 




Predicted values for μe using Equation 5-33 from the 7th Edition of the PCI 
Design Handbook were conservative for all specimens in this study.  The lightweight 
modification factor λ appears twice in Equation 5-33, once explicitly and again in the 
definition for μ which significantly reduces the μe values for lightweight concrete.  
Removing the explicit value of λ from Equation 5-33 (and leaving the λ which is 
included in the definition of μ alone) produces a much better correlation to the test data 
with the predicted values for μe still being conservative for all specimens from this study 
except one (as shown in Figures 4.36 and 4.37).  This result is also supported by data 
from Shaw (2013) and suggests that one of the two instances of the lightweight 
modification factor λ may not be required in the equation for μe. 
Also, as a simplification of shear friction design equations, the current design 
codes and specifications could allow design using the residual shear strength, which was 
found to be independent of interface condition, but dependent on reinforcement ratio.  
For the specimens in this study, conservative nominal shear strength values of vn = 540 
psi, vn = 680 psi, vn = 670 psi, and vn = 730 psi (which correspond to reinforcement 
ratios of 0.009, 0.013, 0.017, and 0.022, respectively) could be used for shear friction 
design.  These values represent the average residual shear strength vur,avg of the 
specimens from this study within each reinforcement ratio, excluding those which failed 
due to concrete splitting. 
5.4. RECOMMENDATIONS FOR FUTURE WORK 
Other considerations in the study of shear-friction that are recommended to be 
incorporated in future work include the following: 
1. The study by Shaw (2013) could be further expanded to study the effect of 
varying the reinforcement ratio for normalweight, shale sand-lightweight, and 
shale all-lightweight concrete. 
2. To prevent concrete splitting from becoming the principal failure mode for 
specimens that have high reinforcement ratios and are constructed from concrete 
with a low tensile strength, the specimen could be redesigned.  The geometry 




increased in size, along with an associated increase in flange reinforcement as 
well. 
3. A common industry practice is to make sand-lightweight concrete using 
lightweight coarse aggregate as a partial substitute for normalweight coarse 
aggregate.  A study to determine the loss of shear strength with certain 
percentages of normalweight aggregate replaced would determine the validity of 
ACI 318-14 provision in Table 19.2.4.2.  This provision states that λ may be 
linearly interpolated between 0.85 and 1.0 on the basis of volumetric fractions, 
for concrete containing a partial replacement of normalweight coarse aggregate 
with lightweight coarse aggregate. 
4. Although it is outside the scope of shear friction, it would be interesting to study 
the effect of different lightweight aggregate types on the bond strength of 
reinforcing bars to lightweight aggregate concretes since inadequate bond 
strength caused several specimens in this study to fail due to concrete splitting. 
5. More sand-lightweight and all-lightweight concrete test data is needed to verify 
whether or not the equation for the effective coefficient of friction μe needs to 
include two instances of the lightweight modification factor λ. 
6. For completeness, future shear-friction push-off tests should not stop testing at 
60% of peak load if slip has not yet reached 0.15 in.  This way values for 
residual shear force Vur can be recorded.  This data could be useful for research 
of the post-peak residual capacity of a connection. 
7. It would be useful study the individual contributions of concrete and reinforcing 
steel to the shear strength of an interface.  Decoupling the concrete and steel 
components could be done in a similar manner as was done by Harries et al. 
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